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INTRODUCTION. 


A study of the chromosomes of Chorthippus curtipennis by 
Robertson (in press) led to the desire to study the mitochondria 
and other structures of the cytoplasm in order to determine if 
possible the bearing of the cytoplasmic structures upon the later 
development. 


1 From the Marine Biological Laboratory, Woods Hole, Mass. 
99 
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It was observed that this material lent itself to the study of the 
living cell by means of the tissue culture method as described for 
the chick embryo cell by Lewis, M. R., and Lewis, W. H. (’15) 
and that not only could the most minute structures of the cell 
be observed from day to day, but also these structures could be 
experimented upon as readily as those of the chick embryo. It 
was decided to study the mitochondria and other cytoplasmic 
structures of the germ cells of Chorthippus curtipennis by means 
of the tissue culture method. 


LITERATURE. 


Living Material.—The earliest observations upon the living 
germ cells of the Arthropods were those of von La Valette St. 
George (’86) in which he made a careful study of the Nebenkern 
of the spermatid and described the structure and behavior of 
that body more completely than many of the later investigators. 

Chambers, R. (15), in his microdissection studies on the germ 
cell, for which he used the male germ cells of Disosteira carolina 
(grasshopper) and of Periplaneta americana (cockroach), gives 
many interesting observations as to the behavior of the mito- 
chondria during the spermatocyte divisions and he also describes 
in detail the development of the axial filament of the spermatid 
and spermatozoén, but apparently Chambers made no effort 
to trace the cytoplasmic structures of the germ cells throughout 
their development. The description of the mitochondria during 
the spermatocyte divisions and the formation of the Nebenkern 
of the spermatid agrees in general with that found for preparations 
of Chorthippus curtipennis when stained with Janus green. The 
development of the spermatozoén of Chorthippus, however, 
takes place in quite a different manner from that described by 
Chambers for the cockroach. 

Goldschmidt, R. (’15) states that it was possible to keep the 
sperm cells of the moth Samia cecropia L. alive for three weeks in 
cultures of hemolymph and that during this time many follicles 
finished the process of spermatogenesis. Goldschmidt does not 
describe the process of spermatogenesis, but merely states that 
it corresponds with that described for fixed preparations. From 
these studies upon Chorthippus it is quite evident that neither the 
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details of the cellular structure nor their behavior could be 
carefully studied while the cells remained in the follicle as de- 
scribed by Goldschmidt, but that for this purpose it is necessary 
to observe isolated cells which lie close to the cover slip. 

Fixed Preparation.—The mitochondria and other structures 
present in various types of fixed material have been studied 
more or less in detail by numerous observers, with results which 
depend very largely upon the state of preservation of the material 
studied. Duesberg, J. (’11) has reviewed this literature so it 
is unnecessary to repeat it here. In an earlier paper Duesberg, J. 
(’10) gives a clear and complete description of the behavior of 
the mitochondria in Blatta germanica, which corresponds in all 
but a few details with that given below for Chorthippus curtipennis. 


METHOD. 


The cultures were prepared in the usual manner (Lewis, M. R..,. 
and Lewis, W. H., ’15) and all precautions were observed in order 
to keep them not only chemically clean but also aseptic, except 
in cases where the period of observation was to extend over only 


a short time, as for instance when a vital stain was used. 
Various different culture media were tried and the one which 
appeared to be most nearly isotonic with the body fluid of the 
grasshopper and which also was most favorable for growth was 
practically Locke’s solution 7. e., NaCl 0.9 per cent., CaCl, 0.025, 
KCI 0.042 per cent., NaHCO; 0.02 per cent., dextrose 0.25 per 
cent., peptone 0.2 per cent., but since the observations were made 
at Woods Hole where running sea water is supplied, the same 
concentration of salts was obtained by a dilution of the sea water 
as follows: sea water 30 c.c.+distilled water 50 c.c.+bouillon 
20 c.c.+dextrose 0.25 gram-++-NaHCO; 0.02 gram. The bouil- 
lon was prepared in the same manner as that used for bac- 
teriology, except in this case grasshopper muscle was used in 
place of beef. A solution of peptone alone can be substituted 
for the bouillon with rather good results. The culture medium, 
which is successful, depends largely upon the amount of evapora- 
tion which takes place in the technic of the individual observer. 
This can be determined from the appearance of the preparation 
itself, for it was found that when the medium was too concen- 
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trated the cells formed numerous delicate pseudopodia or flagella 
and when the medium was too dilute the cells became swollen. 
The solution which is most nearly isotonic is one in which the 
cells remain round and flatten out close to the cover slip, or 
crawl along the cover slip by means of broad, flat pseudopodia. 

The grasshopper was opened on the ventral side by means of 
sterile scissors and the walls pinned down with sterile pins. 
The testis follicles were then removed aseptically. Each follicle 
of the testis is made up of a number of cysts, each of which con- 
tains a number of cells all in the same stage of development. 
The apical cell and the primary spermatogonia are at the blind 
end of the follicle. The cysts which contain the secondary 
spermatogonia, the first spermatocytes, the synapsis stages, the 
growth stages, the first spermatocyte division stages, the second 
spermatocytes, the second spermatocyte divisions, the spermatids, 
and the spermatozoa are arranged in order back of this towards 
the open end of the follicle. In order to obtain the cells in the 
stage desired for observation, a follicle of the testis was placed 
in a thin drop of the sterile culture medium on a sterile cover slip 
and, with the aid of a binocular microscope, the wall of the cyst, 
which contained the cells to be studied, was punctured with a 
sharp, sterile needle so that the cells of the cyst flowed out into 
the medium. The excess of the medium was drawn off by means 
of a capillary pipette and the preparation was then sealed onto 
a hollow ground slide by means of a vaseline ring. In case 
stained preparations were to be observed, the vital stain, Janus 
green or neutral red, was dissolved in the drop of the culture 
medium in which the follicle was punctured. The cells released 
from the cyst wall spread out in a thin layer along the cover slip 
and were then studied by means of the No. 6 ocular and 2 mm. 
oil immersion lens. A 40-watt Mazda electric light was used for 
illumination. 

Since any stage in the development of the germ cell can be 
obtained in the above manner, it was not found necessary to 
watch any one cell over a long period of time, although the cul- 
tures remained healthy and dividing cells were found as late as the 
fourth day. 

Tissue cultures of the germ cells in body fluid medium were 
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made as controls, but they were not so useful for the study of the 
cell structure owing to the fact that the medium is more opaque 
and that the cells do not spread out in a thin layer close to the 
cover slip. Also the plasma medium is more difficult to use for 
experimental purposes owing to the fact that it is easily coagu- 
lated. 

OBSERVATIONS. 


General.—When the cyst wall is broken the cells flow out and 
become attached to the cover slip. The cells appear to be formed 
of a clear homogeneous cytoplasm which contains a nucleus and 
granules. Numerous cells, which contain two or four nuclei 
and also a correspondingly increased amount of mitochondria, 
were observed in all stages of development as, for instance, a 
first spermatocyte with two nuclei and a double amount of 
mitochondria or a young spermatid with two or four nuclei and 
also two or four nebenkern. During observations upon one 
unstained preparation two second spermatocytes whose cyto- 
plasm touched at one point were.observed to fuse into a single 
cell (Figs. 27, 28, 29). The fused cell, which resulted from the 
two single cells, contained two groups of chromosomes and two 
groups of mitochondria. In certain stages in the development 
of the germ cell the granules are scattered throughout the greater 
part of the cytoplasm (spermatogonium), while in other stages 
the granules are limited to a definite area (division of spermato- 
cytes). There is no indication of any network structure either 
of the cytoplasm or of the nucleus. The cells of a cyst remain 
attached to each other by a long thread-like process, or in some 
cases by a short thick process, which appears as though the cells 
had not been completely separated at division, but had remained 
attached by a band of cytoplasm. Groups of spermatozoa are 
attached by one end to a crescent-shaped body, while the other 
end is free and lashes about continuously. Several of these 
crescent-shaped bodies, each with numerous spermatozoa at- 
tached to it, may be seen in one field. The cells may send out 
broad, flat pseudopodia and crawl along the cover slip, or in 
media which are too concentrated or to which Janus green has 
been added, the cells may send out numerous delicate pseudo- 
podia, which appear more like flagella. However, other factors 
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besides the concentration of the medium may influence the size 
of the pseusopodia, for Goldschmidt (1915) states that the germ 
cells form flagella in the cultures in hemolymph and that these 
flagella can be caused to appear and disappear by a change of 
temperature. 

During mitosis the mitochondria become long, delicate threads 
and lie around the spindle in such a way as to be easily mistaken 
for the spindle (Figs. 14 and 22). In none of our preparations 
were the spindle threads seen and the spindle itself did not show 
as a cone of material, which had a different light refraction, as 
it did in the chick. In one preparation the position of the spindle 
at one pole was outlined (Fig. 16), but even in this case no 
spindle threads were seen. 

The spindle is present however and can be readily shown by 
means of acetic acid vapor, which destroys the mitochondria and 
coagulates the cytoplasm sufficiently to show the spindle prac- 
tically the same as it is shown in figures drawn from fixed material 
(Figs. 21-26). 

Vital Stains.—All stages in the development of the germ cell 
were studied, not only by means of the living unstained cell, but 
also by means of preparations stained with Janus green and 
others stained with neutral red. A few preparatioris were 
stained with both Janus green and neutral red. The Janus 
green stain and also the neutral red stain were dissolved in the 
culture medium in exceedingly dilute solutions, never more than 
I—50,000 parts and frequently as dilute as I—-100,000 parts. 

The neutral red stains a large round granule, which is quite 
different from the mitochondria, not only in size and appearance, 
but also in behavior (Figs. 1, 22, 36, 37, 39, 41, 46 and 49). This 
granule has the same reaction to Brilliant cresylblue 2 b. as that 
of the granule described by Lewis and Lewis (’15) in connection 
with the “vacuole’’ and agrees in a few details with the “beta 
globule’’ described by Coghill ('15). In a few cases the granule 
reacts with the neutral red stain in the same manner as does the 
neutral red granule, which Renaut, J. (’04) and Dubreuil, G. (’13) 
describe in connection with the connective tissue development. 
Owing to the fact that the literature does not furnish a satisfactory 
term for this granule, it will be called simply the neutral red 
granule in the following observations. Duesberg (’10) in certain 
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figures, as for instance those of the spermatid, shows a granule in 
the same position as that of the neutral red granule in our prepara- 
tions, and, although the granule is stained like the mitochondria 
with Benda’s stain, Duesberg states that it is in all probability 
not mitochondria. In preparations stained with Janus green 
this granule remains unstained. The somatic cells, which form 
the wall of the follicle and also the apical cell (Figs. 1 and 2), 
are full of these bright red granules when the preparation is 
stained with neutral red, but the germ cells contain only a very 
few neutral red granules. 

With Janus green stain however, the germ cells are shown to 
contain abundant mitochondria in the form of granular threads 
or of small rod shaped granules. After the preparation has been 
stained for a short time the granules coalesce into larger globules 
(Figs. 4 and 5) and finally they disappear in the cytoplasm. 
Long, thread-like mitochondria rapidly break into granules when 
stained with Janus green (Figs. 13-20). 

Neither of the above stains showed the spindle threads during 
mitosis. There was no appearance seen at any time during ob- 
servation upon either the unstained cell or the cell stained by 
means of the above vital stains, which could lead one to conclude 
that the mitochondria are formed from any material at the ex- 
pense of the nucleus as Wassilieff (’07) and his followers contend. 

Nucleus.—The various changes which the nucleus undergoes 
during the so-called resting stage and during division can be 
clearly observed throughout the development of the germ cells 
from spermatogonia to spermatozoa. In the resting nucleus of 
any stage chromatin threads were observed. In the nucleus 
of the spermatogonium these chromatin threads or spiremes seem 
to fill the nuclear space like so many sacs (Fig. 1). When the 
preparation was stained with neutral red, the walls of these 
sacs became faintly pink and so revealed the boundaries of the 
chromosomes. During the telophase, and in a few cases, in the 
late anaphase of the spermatogonium, the spermatocyte and 
the spermatid, the chromosomes have a granular structure 
(Figs. 4, 10, 20). These granules appear to be uniform in size 
and it might prove possible to count the number of granules which 
compose a given chromosome. The importance of these granules 
in “crossing over” phenomena may appear later. 
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The number and also the characteristics of the chromosomes 
observed in the living cells correspond with what was found in 
the fixed preparations. In the first spermatocyte the chromo- 
somes were as follows: Five “‘short rod’’ tetrads, three large 
‘“‘compound ring”’ tetrads, derived from the three pair of com- 
pound V chromosomes of the spermatogonium and the rod-like 
sex chromosomes. In this genus, Chorthippus formerly known 
as stenobothrus, there is a peculiar compounding of six pairs of 
rod chromosomes to form the three pairs of V’s that are charac- 
teristic so far as is known of all the species of the genus (Meek, 
’11, ’12; Gerard, ’09; Davis, ’08). 

This peculiar process by which the three pairs of compound V 
chromosomes are formed was first observed by Robertson (in 
press). The subsequent behavior of these compound chromo- 
somes was the same in the living cell as has been described from 
the fixed preparations and the five rods, three V’s and the sex 
chromosomes (present only in one of the two daughter cells, 
which result from the first spermatocyte division) were easily 
identified in the second spermatocytes and in the spermatids. 

The Apical Cell_—The apical cell lies in the blind tip of the 
follicle surrounded by primary spermatogonial cells (Figs. 1, 3). 
It is a round cell, which contains a more or less oval nucleus, and 
is attached to the walls of the follicle by several thick cell proc- 
esses. The apical cell contains both mitochondria and neutral 
red granules (Figs. 1 and 3). The former are fewer in number 
than the latter and uniformly small in size (Fig. 3). They are 
arranged as granular threads mostly in a layer around the nucleus. 
The neutral red granules are considerably larger than the mito- 
chondria and are scattered throughout the cytoplasm and in the 
cell processes. When a preparation is stained with neutral red, 
these granules in the apical cell and also in all of its processes 
rapidly take up the stain, so that the apical cell becomes quite 
red in appearance. While the few granules in the spermatogonia 
which surround the apical cell take up the stain only after a 
long time and then only in a few scattered granules so that the 
spermatogonia appear practically colorless. The somatic cells 
(Fig. t), which form the wall of the follicle, have abundant neutral 
red granules and these stain with neutral red in much the same 
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manner as did those of the apical cell. This striking resemblance 
of the apical cell to the somatic cells in contrast to the germ cells 
suggests the possibility that the apical cell may be more closely 
related to the somatic cells than to the germ cells. 

Primary Spermatogonia.—In the primray spermatogonia both 
the mitochondria and the neutral red granules can be identified 
in the unstained cell. In the resting cell the mitochondria appear 
as delicate granular threads and at this time these threads seem 
to radiate from the distal pole of the cell (4. e., the region of the 
last connection with its sister cell at mitosis). The mitochondria 
of the primary spermatogonia stain less intensely with Janus 
green than does that of cells in a later stage of development and 
when stained with Janus green the delicate threads become rapidly 
distorted and appear as granules. The neutral red granules, 
from 4 to 10 or 12 in number, are larger, more or less round and 
much more refractive than the mitochondria granules. These 
neutral red granules, so far as was seen, did not seem to be located 
in any definite region of the cell, but were scattered through the 
cytoplasm. 

Secondary Spermatogonia (Period of Multiplication).—The 
secondary spermatogonial cells are smaller than the primary 
spermatogonia and the mitochondria are usually in the form 
of fine, granular threads scattered from the distal end of the 
cell towards the nucleus. As the cell approaches the resting 
condition the mitochondria become more uniformly scattered 
throughout the cytoplasm. In a few observations the mito- 
chondria appeared to be absent from a region at the extreme 
distal pole of the cell, possibly the mitosome (i. e., the remains of 
the spindle, Figs. 2, 4, 6). 

During mitosis the mitochondria arrange themselves as long 
threads close to the spindle and frequently they have the ap- 
pearance of abnormally thick spindle threads. During the con- 
striction of the cytoplasm at late anaphase the mitochondria 
threads again become granular and at telophase the mitochondria 
are separated into two practically equal amounts, one of which 
passes into each daughter cell and from this mass the mitochon- 
dria migrate towards and partly around the nucleus (Fig. 4), 
as can be seen in the first spermatocyte. 
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First Spermatocyte (Growth Period).—As the cell grows in size 
the amount of mitochondria appears to increase correspondingly 
and certainly the mitochondria of the spermatocyte stain much 
more intensely with Janus green than do those of the spermato- 
gonium. The neutral red granules are few in number and scat- 
tered throughout the cytoplasm. 

In the later growth period the mitochondria become grouped 
into two, or in a few cases, possibly more masses (Figs. 7 and 8 
and 11). Unfortunately the significance of this was not compre- 
hended, but it is without doubt closely allied with some change 
in the cell itself, as the massed arrangement of the mitochondria 
is quite characteristic of the synapsis stages. There was no 
evidence that the mitochondria granules paired during synapsis, 
although the pairing of the chromosomes was clearly seen. 

First Spermatocyte Division.—During the prophase and early 
metaphase of the first spermatocyte, the mitochondria migrate 
away from the two masses of mitochondria granules and elongate 
towards the two poles of the spindle (Fig. 12), so that when the 
chromosomes are arranged on the spindle plate, the mitochondria 
appear as threads which more or less closely surround the 
spindle. As the chromosomes move apart, the mitochondria 
become drawn out into straight, even threads closely attached to 
the spindle between the two groups of chromosomes (Figs. 13, 
14 and 15). Since they are much longer and more refractive 
at this stage, they may be easily mistaken for the spindle fibers 
and some cytologists have stated that the mitochondria in the 
germ cell are but the remains of the spindle fibers. A simple 
experiment shows that this is not the case in Chorthippus curti- 
pennis. Figs. 21, 22 and 23 were made from the living cells in 
the cultures and then an opening was made in the vaseline ring, 
which supported the cover slip and a drop of glacial acetic acid 
was placed on the slide near to the opening so that the fumes from 
the acid passed through the opening and acted upon the prepara- 
tion. The mitochondria were destroyed at once and became lost 
within the coagulum of the cytoplasm, and, where previously 
no spindle could be seen, there now appears a typical spindle 
(Figs. 24 and 25). Fig. 26 shows the remains of the spindle fibers 
near the periphery of each daughter cell, but the mitochondria, 
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which previously lay along these threads (Fig. 23) and scattered 
towards the nucleus, have now disappeared. 

During the anaphase of the living cell the daughter chromo- 
somes move to the extreme proximal pole of the cell and when the 
cytoplasm constricts, the continuous mitochondria threads again 
become granular and from the ends of these threads the mito- 
chondria granules migrate away towards the two groups of 
chromosomes (Fig. 22). In some instances the entire mitochon- 
dria thread appeared to pass over to one daughter cell, but usually 
the division of the mitochondria took place by means of the 
migration of the granules into each daughter cell, so that each 
daughter cell received about the same amount of mitochondria. 

When the preparation was stained with Janus green the mitotic 
division continues, provided it was started before the stain acted 
upon the cell (Figs. 17-20), but after the division was finished, 
the cell did not pass through the second spermatocyte division 
as the unstained cells did. The mitochondria threads become 
granular and do not usually extend from chromosome group to 
chromosome group, but more frequently lie in a broad band 
around the equator of the spindle (Figs. 16,17, 18 and 19). The 
ends of the granular threads swell up and become varicose before 
the granules migrate away (Figs. 19 and 20). 

Second Spermatocyte (Interkinesis).—After the mitochrondria 
have migrated into the daughter cells the cytoplasmic bridge 
between the two cells remains and elongates. The cells may 
sometimes remain thus attached by a long process during the 
semi-resting condition (interkinesis), which may continue for an 
hour or even for several hours before the cells prepare for the 
second spermatocyte division. The second spermatocyte has a 
characteristic appearance and is easily recognized. The chro- 
mosomes remain and it can be seen that they are no longer 
tetrads as they were in the first spermatocyte (Fig. 30). The 
mitochondria are gathered into an irregular body at one side of 
the cell and from this body the mitochondria granules spread 
out somewhat toward the nucleus (Fig. 30). 

Second Spermatocyte Division —The behavior of the mitochon- 
dria during the second spermatocyte division is practically the 
same as that during the first spermatocyte division. In this 
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case however there is usually only one mitochondrial mass 
(although it may divide into two in some cases) and this mass 
lies at one side midway between the two poles of the spindle 
(Fig. 30). The mitochondria migrate away from this granular 
mass and elongate towards the two poles of the spindle. Usually 
the elongated threads spread out around the spindle, but in a 
few cases they have been seen to remain mostly on the side of the 
spindle where the mitochondrial body was. The threads become 
homogeneous and appear to be continuous threads stretched 
between the two groups of chromosomes. When the cytoplasm 
constricts during anaphase the granules migrate into the daughter 
cells, but they do not usually scatter around the nucleus. A few 
neutral red granules are present in the cytoplasm throughout 
the division and can be seen in the cytoplasm on each side of the 
mitochondrial body in the spermatid (Figs. 36 and 37). When 
division is completed the mitochondria granules become con- 
tracted into a compact, spherical granular body, the nebenkern, 
and a few neutral red granules are irregularly scattered on each 
side of the nebenkern. It ‘is interesting to note that after 
acetic acid vapor, a round body can still be distinguishable in 
the place of the nebenkern, so that either the mitochondria are 
at this stage more resistant to acetic acid, or else there is some 
other body present in the nebenkern. 

In a few cases the daughter cells seemed to be unequal in size. 
It has not been determined whether the inequality in size of the 
daughter cells is due to the presence of the sex chromosome in 
the larger cell. Davis (’08) and Gerard (09) in their figures for 
this genus each show one of the daughter cells, which result 
from the second spermatocyte division, larger than the other, 
but they do not call attention to this point. 

The Spermatid and Spermatozoén.—The development of the 
spermatid into the spermatozoén is by no means a simple process 
and, even after prolonged observation, the significance of the 
various steps is not clear (Figs. 38-51). 

The neutral red granules do not play an active part, but remain 
about the same in the cytoplasm until with the growth of the 
tail the cytoplasm becomes small in quantity and they disappear. 
They were not observed in the more adult spermatozoén except 
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in cases where some abnormal factor caused the cytoplasm along 
the tail of the spermatozoén to become clumped into nodes, and, 
in this case, one or more neutral red granules were present in 
each node (Fig. 49). In the young spermatid the mitochondria 
are in the form of the granular nebenkern (Fig. 38), which later 
becomes a clear, homogeneous, spherical body close to the nucleus. 
No trace of granules can be seen either in the unstained cell or 
in those stained with Janus green. Within a short period of time 
(4% hour) certain delicate threads appear within the clear 
nebenkern (Figs. 39 and 40). These threads may be concentric 
or otherwise coiled and may represent either the rows of granules 
under pressure, or they may be the edges of the membrane, which 
separates the nebenkern into two half spheres, seen at different 
levels, for very shortly after the threads appear, the nebenkern 
slides apart into two half spheres and at once becomes granular 
again (Figs. 41, 42, 43). 

The behavior of the centrosome and the formation of the axial 
filament, which has been described from fixed material, was seen 
only in one case, and in that case it was not possible to ascertain 
just what connection there is between the division of the neben- 
kern and the formation of the axial filament. The centrosome 
was seen as a clear paired body near the nucleus, but at a distance 
from the mitochondrial body (Fig. 38). Later the centrosome 
occupies a position at the posterior pole of the nucleus near the 
Nebenkern. After the division of the Nebenkern it was seen as a 
small opaque body close to the nucleus (Fig. 44). The body is 
double and, although small, it increases in size with the growth 
of the tail and later becomes the middle piece (Figs. 46, 49, 50 
and 51). From this body the axial filament probably is given 
off and later grows out into an extension of the cytoplasm. 

The mitochondrial bodies, or the two half spheres of the ne- 
benkern, now elongate as granular sacs (Figs. 45 and 46). The 
wider end is towards the nucleus and the sacs gradually taper off 
until they become only a few granules at the other end (Fig. 46). 
As the tail grows out these bodies grow out one on each side of 
the axial filament. The sacs do not increase in size, but simply 
spread out along the axial filament and become crowded into the 
narrow layer of cytoplasm along the tail, so that as the tail 
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elongates the granules form two irregular granular strands, which 
later fuse into two continuous threads of even width extending 
from the centrosome body or middle piece to almost the end of 
the tail (Figs. 49, 50 and 51). 

Duesberg ('10) describes a small body composed of mito- 
chondria at the tip of the head, but in this form such a body was 
not seen either in the living spermatozoén or in those stained with 
Janus green. 

Unfortunately it was impossible to study this material in all 
its details during the short time at Woods Hole and there are 
many interesting points to be followed out, which it is hoped may 
be continued in later studies upon another species of grasshopper 
by Robertson. 

DiscussION. 

The above observations show that there are present in the male 
germ cell from its earliest appearance throughout its develop- 
ment certain granules which correspond to the mitochondria of 
somatic cells. The mitochondria behave in a definite and char- 
acteristic manner during the development of the male germ cell 
and assume a shape and position characteristic for each stage in 
the development. The mitochondria of the germ cell become 
slightly blackened with osmic acid, are destroyed by acetic acid 
and stained by Janus green and the usual stains for mitochondria 
in fixed material. That they are not the remains of spindle 
fibers has been clearly shown by means of acetic acid, which 
destroys the mitochondria and causes the spindle fibers to appear. 
On the other hand it does not seem possible that bodies, which 
have to do only with the metabolic activities of the cell should 
necessarily undergo such an exact behavior as is shown for in- 
stance by the division of the nebenkern into equal parts and the 
development of these two sacs of mitochondria into the two long 
threads of mitochondria in the spermatozoén. Neither does the 
behavior of the mitochondria seem to be entirely dependent on 
changes within the cell, as for instance during the division of the 
cell or the growth of the tail, where it might appear that the elon- 
gation, and at the same time narrowing of the tail, might force 
the mitochondria granules to assume the position of two contin- 
uous. threads, for in some cases where the tail does not develop 
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as normally but the axial filament grows out within the cell, the 
mitochondria develop as normally in connection with the axial 
filament and form the same long threads, although in this case 
these threads are wound round and round within the cell (Figs. 
47 and 48). 

The origin of the mitochondria is still unsolved. They cer- 
tainly do not arise in the male germ cells, since they are already 
present in the earliest germ cell. There is no evidence in the 
above observations that the mitochondria are formed at the 
expense of any nuclear material. Also there is no evidence that 
the mitochondria of the male germ cell of Chorthippus curtipennis 
can have any influence upon inheritance, as was suggested by 
Meves (’13) in his work on Ascaris, unless it can be shown that 
the tail as well as the nucleus of the spermatozoén enters the egg. 


CONCLUSION. 


The mitochondria as well as the neutral red granules are present 
in the primary spermatogonium of Chorthippus curtipennis and, 
while the neutral red granules appear to have no definite behavior, 
the mitochondria do behave in a characteristic manner through- 
out the development of the male germ cells. By means of the 
tissue culture method the mitochondria can be seen to be present 
as small, delicate granules in the primary spermatogonium.. They 
increase in amount during the growth stage and arrange them- 
selves along the spindle in a definite manner during the spermato- 
cyte division. They form the nebenkern of the spermatid and 
from this develop into two equal homogeneous threads in the tail 
of the spermatozoén. 

Woops HOLE, Mass., 


September, 1915. 
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EXPLANATION OF PLATES. 





J. G. = Janus green stain. 





N. R. = neutral red stain. 


Mitochondria = black-inked granules and threads. 





Neutral red granules = gray granules outlined with black ink. 
Centrosome = 





clear round granule about same size as neutral red granule. 


PLATE I. 


Fic. 1. N. R. Blind end of follicle. 


Apical cell surrounded by primary 
spermatogonia. 


The somatic cells form the boundary of the follicle. 
neutral red granules in the apical cell and also in the somatic cells. 
4b X 1/12 lens. 

Fic. 2. Unstained cell. 
lar threads. 


Round 
Leitz Binoc 


Primary spermatogonium. Mitochondria are granu- 
Clear region at upper side of the cell is probably the mitosome (spindle i 
remains). Leitz Binoc. 4b X 1/12 lens. 

Fic. 3. J. G.and N. R. Apical cell. Mitochondria are small black granules 
and the neutral red are the larger gray granules. Zeiss 6 oc. 2 mm. lens. 

Fic. 4. J. G. Two secondary spermatogonia still attached together. Chro- \ 
mosomes granular. Telophase. 
Leitz Binoc. 4b X 1/12 lens. 

Fic. 5. Same cell as Fig. 4. 
dria have lost their stain. 


Mitochondria are not in nucleus but around it. 


Globules of blue which form after the mitochon- 


Fic. 6. J.G. Secondary spermatogonium. 


Fic. 7. J. G. First spermatocyte, centrosome divided. Sex 


chromosome. 
Early prophase. 


Fic. 8. J. G. First spermatocyte. Diplotene nucleus stage. Centrosomes. 
Two masses of mitochondria, one on upper surface of cell and one on the lower 
Leitz Binoc. 4b X 1/12 lens. 

Fic. 9. Unstained. 


First spermatocyte ‘bouquet-stage’ synapsis. Zeiss 6 oc. 
2 mm. lens. 


Fic. 10. J. G. Spermatogonium, telophase. Each chromosome is in « ; 


is in a 
separate vesicle and is granular. Nuclear wall reforming from chromosome 


vesicles. Leitz Binoc. 4b X 1/12 lens. 
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Pate II. 


Fic. 11. J. G. First spermatocyte, late prophase. Nuclear wall still intact, 
two masses of mitochondria. 

Fic. 12. Unstained. First spermatocyte metaphase. Mitochondria threads 
have migrated towards the poles of the spindle. Zeiss 8 oc. 2 mm. lens. 

Fics. 13, 14, 15. Unstained. First spermatocyte division. Same cell at 
9:30 A.M. (Fig. 13), 9:45 A.M. (Fig. 14), and 10:10 A.M. (Fig. 15). Mitochondria 
are long threads close to the spindle fibers. Zeiss 4 oc. 2 mm. lens. 

Fic. 16. Unstained. Mitochondria are granular threads around the spindle. 
Those in the middle of the spindle occur underneath. The sex chromosome at one 
pole. Spindle outlined at one pole. Leitz Binoc. 4b X 1/12 lens. 

Fics. 17, 18, 19. J.G. First spermatocyte division in the same cell. Fig. 17 
at 9:40 A.M., Fig. 18 at 9:50 A.M., and Fig. 19 at 10:45 A.M. Zeiss 6 oc. 2 mm. 
lens. 

Fic. 20. J. G. End of first spermatocyte division. Mitochondria migrated 
into two daughter cells. Chromosomes granular. Leitz Binoc. 4b X 1/12 lens. 
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PLaTe III. 


Fics. 21, 22, 23. Unstained. Division stages drawn to show mitochondria 
before the action of acetic acid. Zeiss 8 oc. 2 mm. lens. 


FIGs. 24, 25, 26. Same cells after acetic acid fumes. Mitochondria have disap- 


peared and the cytoplasm is coagulated. Spindle fibers can now be seen. 

Fics. 27, 28, 29. Unstained. The fusion of two cells to form a single double 
cell with two groups of chromosomes and two masses of mitochondria. Leitz 
Binoc. 4b X 1/12 lens. Chromosomes not all shown. 
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PLaTE IV. 


Fic. 30. Unstained. Second spermatocyte. Single mass of mitochondria 
from which granules are elongating toward each pole of the spindle. Zeiss 6 oc. 
2 mm. lens. 

Fics. 31-35. Unstained. Different stages of a cell in the second spermatocyte 
division. Fig. 31 at 10:40 A.M.; Fig. 32 at 11:20 A.M.; Fig. 33 at 12:30 P.M.; 
Fig. 34 at 1 P.M.; and Fig. 35 at2 P.M. The mitochondria form the nebenkern. 


Fics. 36, 37. N.R. Nevtral red granules present during the second spermato- 


cyte division. Zeiss 6 oc. 2 mm. lens. 
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PLATE V. 


Fic. 38. J. G. Young spermatid, centrosome divided. Nebenkern granules. 
Leitz Binoc. 4b X 1/12 lens. 

Fics. 39, 40. Unstained. Young spermatid. Neutral red granules. Thread- 
like appearance in the nebenkern. Zeiss 6 oc. 2 mm. lens. 

Fics. 41, 42. J. G. Nebenkern dividing is now granular. Neutral red 
granules. Leitz 4b X 1/12 lens. 

Fic. 43. Unstained. Nebenkern divided. Zeiss 6 oc. 2 mm. lens. 

Fic. 44. Unstained. Nebenkern sacs with the centrosome close to the nucleus. 
Neutral red granules. Zeiss 6 oc. 2 mm. lens. 

Fic. 45. Unstained nebenkern sacs are slightly elongated. Zeiss 6 oc. 2 mm, 
lens. 

Fic. 46. J. G. Nebenkern sacs elongated. Axial filament. Double middle 
piece body. Neutral red granules. Zeiss 6 oc. 2 mm. lens. 

Fics. 47, 48. J.G. The tail failed to develop but the mitochondria elongated 
and formed the double thread as usual, although the double thread is wound round 
and round within the cell. Leitz Binoc. 4b X1/12 lens. 

Fic. 49. N. R. The cytoplasm of the tail is gathered into nodes and the 
neutral red granules appear. The mitochondria is now in the form of two homo- 
genous long threads. Zeiss 6 oc. 2 mm. lens. 

Fics. 50, 51. J.G. Later stages of the spermatozoin. 
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NOTES ON THE PHYSIOLOGY OF FUCUS 
, SPERMATOZOIDS. 


W. J. ROBBINS 


CORNELL UNIVERSITY 


The notes here presented are of work conducted at the Marine 
Biological Laboratory, Woods Hole, Mass., during the summers 
of 1912 and 1913 at the suggestion of Dr. B. M. Duggar, to whose 
kindness I also owe the opportunity and pleasure of working 
there. 

Strasburger (1) states that spermatozoids of Fucus, passing 
at a distance of one or even two diameters from the egg, turn 
from their path and rush toward the egg. This attraction, he 
says, is a chemical one and is due to some substance secreted by 
the egg which conditions the direction of motion of the spermato- 
zoids. Strasburger also states that healthy spermatozoids are 
strongly negatively phototactic. These two phenomena of 
phototaxy and chemotaxy are used by Strasburger as a basis 
upon which to account for the meeting of the spermatozoids and 
the ova as follows: 

The ova have a density greater than water and sink. The 
spermatozoids, as they are negatively phototactic, swim down- 
ward bringing them into the region where the chemotactic 
influence of the eggs is sufficient to complete the union of the 
spermatozoids with the ova. Strasburger made no attempt to 
discover the chemotactic agent. 

- Bordet (2) also attempted an explanation of the same problem. 
He filled a capillary tube with crushed ova, immersed the tube in 
a drop of sea water containing Fucus spermatozoids, and watched 
for evidences of attraction, but found none. From this he 
concludes that the ova exert no chemotactic influence on the 
spermatozoids. He observed, however, that the spermatozoids 
were very sensitive to contact, clinging with one cilium to the 
glass slide or any solid object as, for example, a capillary tube. 
Bordet also states that Fucus spermatozoids are not phototactic, 
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being neither attracted nor repelled by light. He believes the 
meeting of the eggs and spermatozoids is due to chance. 

In brief, Strasburger states that Fucus spermatozoids are 
negatively phototactic and are chemotactic to the ova. Bordet 
asserts that they are not phototactic and that there is no che- 
motaxy. 

MATERIAL AND METHODs. 

The dicecious form, Fucus vesiculosus, was used in the experi- 
ments. 

To secure spermatozoids or ova for the investigation the 
methods described by Strasburger (1) were followed. 

Inasmuch as fresh material could not be secured daily, some 
method of keeping the Fucus in good condition was desired. 
Sinking the material in the sea was found to yield active sperma- 
tozoids for only a day or two after bringing it in from its habitat. 
Fucus plants wrapped in towels wetted with sea water and kept 
in an ice chest yield active spermatozoids for at least five days 
after being brought in. The antheridia from fruiting tips kept 
in sea water in the ice chest for the same length of time were 


exuded on drying, but the spermatozoids were inactive and lay 
inert in the antheridia. This difference between the two treat- 
ments is probably due to differences in oxygen supply. Stras- 
burger advises shipping fruiting Fucus, desired for active sper- 
matozoids and living oégonia, in large amounts of sea water, but 
it appears that wrapping the Fucus in wet cloths and icing it 
would be preferable. 


EXPERIMENT ON CHEMOTAXY. 


In investigating chemotaxy Pfeffer’s capillary tube method 
was used. The capillary tubes mounted in a drop of sea water 
containing the spermatozoids were examined under the microscope 
for about three quarters of an hour for change in direction of 
motion of the individuals as they passed by the mouth of the 
capillary tube and for collection of the spermatozoids in the tube 
as described by Pfeffer and others for various Pteridophytes. 
The majority of the substances, on account of the strong negative 
phototaxy of the spermatozoids, were also tested by placing the 
mounts in the dark and examining them after ten minutes, and 
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again in from twenty-five to forty minutes, for collection in or 
about the tube. 

The following substances made up in sea water were used in 
the concentrations noted: 


Substance. Concentrations. 
ONE wk Uine-44.9'0 woe 8k 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
III, Sedo ew cde ews 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
I od oie alee 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
SE See eee Pee 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Potassium oxalate (K2C20,). ..1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Ethyl butyrate 0.08%, 0.008% 
GE ites BAe a bees ow ass es 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Sodium potassium tartrate.....1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Ethyl alcohol 95%, 95%, 9.05%, 0.005% 
EP rs eee 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Peptone 2%, 0.2%, 0.02%, 0.002% 
Potassium hydroxide......... 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol, 0.0001 Mol 
Hydrochloric acid. ........... 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol, 0.0001 Mol 
Potassium nitrate............ 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Diabasic potassium phosphate..1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 
Potassium iodide 0.1 Mol, 0.01 Mol, 0.001 Mol 
Ammonium sulphate 0.6 Mol, 0.06 Mol, 0.006 Mol, 0.0006 Mol 
Hydrogen peroxide 0.3%, 0.03% 
Sodium sulphate............. 1.0 Mol, 0.1 Mol, 0.01 Mol, 0.001 Mol 


No reactions which could be attributed to chemotaxy were 
observed with any of the above substances except the acids. 

It was found that with a molecular solution of the organic 
acids in the capillary tube the spermatozoids were killed in the 
course of a few minutes. Where 0.1 Mol acid was used there 
was in some cases a collection of spermatozoids around the 
mouth of the tube apparently attached to the cover glass or slide 
by one cilium and these vibrated slowly. This collection in a 
few cases was visible to the naked eye after an hour as a yellow 
halo about the mouth of the tube. With 0.01 Mol solution in 
some of the trials there was a collection of the spermatozoids in 
the tube after 45 minutes or more; 0.001 Mol had no effect. 
The accumulation around the mouth of the tube containing 0.1 
Mol acid and the collection in the tube containing 0.01 Mol 
acid only occurred when sea water was used in which the sper- 
matozoids were very active and numerous. 

Such results might be interpreted as cases of chemotaxy. 
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Kusano (3) has described similar reactions of the swarmspores of 
Myxomycetes to acids. He attributes them to chemotaxy. 
An examination of individual spermatozoids, however, showed 
no change in the direction of their movements passing the mouth 
of the tube, the effects could by no means always be obtained, 
and much the same result was observed in one case with HCl. 
I believe that the results could be interpreted as a toxic phenom- 
enon as explained below. 

In the case of the molecular concentration, the diffusing acid 
is sufficiently strong to kill or paralyze the spermatozoids through- 
out the whole mount. With acid of 0.1 Mol concentration the 
diffusing zone of the acid which is toxic is not so wide as in the 
case of acid of the molecular concentration and only those sper- 
matozoids are rendered non-motile which pass comparatively 
close to the mouth of the tube; hence the collection observed 
after a time around the mouth of the tube. At the concentration 
of 0.01 Mol the diffusing acid is not toxic, and only those sper- 
matozoids are rendered non-motile which pass comparatively 
close to the mouth of the tube; hence the collection observed 
after a time around the mouth of the tube. At the concentration 
of 0.01 Mol the diffusing acid is not toxic, and only those sper- 
matozoids which enter the tube, as some must from several 
hundred of individuals in a mount, are paralyzed and remain 
there. Acid of 0.001 Mol concentration is below the toxic con- 
centration and we have no effect. We do not find the effects 
noted above in every mount where the acids are used because 
there may be an accumulation of all active spermatozoids due to 
negative phototaxy on the side away from the source of light, 
in which case they do not meet the acid diffusing from the tube; 
or there may be too few individuals in the mount to show distinct 
collection; or they may not be actively motile due to the high 
temperature or old material. 

If the results noted are due to a toxic effect of the acids on the 
spermatozoids, it would be expected that other substances, such 
as potassium hydroxide and ethyl alcohol should also produce 


« y . . 
the reaction. While no response to those substances was noticed, 


this may have been due to poor material or to too high a tempera- 
ture at the time of the experiment. In either case the spermato- 
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zoids would be less active and no accumulation would occur. At 
the time the work was done the relation between toxicity and 
chemotaxy was not considered and further work on this phase 
was not attempted. It would appear that the subject should be 
investigated. 

EXPERIMENTS ON PHOTOTAXY. 

That Fucus spermatozoids are negatively phototactic is very 
evident. Under the microscope the large majority will be 
observed to swim away from the light and in a short time prac- 
tically all the active spermatozoids will be found on the side 
away from thelight. Ifacapillary tube lies parallel to the window 
the spermatozoids in the drop will collect against the tube on the 
window side, blocked in their movement away from the light. 
If mounted on a slide containing a bright spot of light in a dark 
field, there is no collection in the bright area as Englemann (4) 
found for Euglena under the same conditions. The spermatozoids 
pass in and out of the bright area with no apparent response. 

A slide holding a drop of sea water one fourth inch in di- 
ameter was placed about two feet from a north window. In less 
than five minutes practically all the active spermatozoids were 
found crowded on that side of the drop away from the window. 
It seemed possible this might be due to gravity. 

Two slides were arranged as above, one inclined toward the 
window and one tilted away from it. In both cases the sper- 
matozoids were found crowded on the side away from the 
window. In both cases the spermatozoids swam away from the 
light, but in one case they swam with gravity and in the other 
against gravity. A liter beaker half filled with sea water yellow 
with spematozoids was set on a shelf ten feet from a north win- 
dow. In ten minutes far more active spermatozoids were found 
in a drop taken from the side away from the window than were 
found on the lighted side. 


INFLUENCE OF TEMPERATURE ON ACTIVITY. 

From indications during the experiments on chemotaxy it was 
observed that temperature had a very considerable effect on the 
activity of the Fucus sperm and that the optimum temperature 
is probably relatively low. The experiment below is suggestive. 
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Sea water yellow with sperm was placed in two vials. One 
vial was placed in an ice-water bath at approximately 4° C. and 
the other was left at room temperature of 25°-27° C. Portions 
were removed from time to time and examined for activity. 


Begun at 11:00 A.M. 


Hours, Time. @c. 
ly 11:30 More active than at 27°. | Active. 
I 12:00 Many active. Few active. 
1% 12:30 Many active. Few active. 
2% 1:15 Many active. One or more in microscope field 
moving slowly. 
3 2:00 Many active. One or more in microscope field 
moving slowly. 
4 3:00 Many active. One or more in microscope field 
moving slowly. 


SUMMARY. 


Using the Pfeffer capillary tube method of determining 
chemotaxy, it was found that certain acids cause collection of 
Fucus spermatozoids. It is suggested that this may be explained 
as due to toxicity and not chemotaxy. Fucus spermatozoids are 


negatively phototactic. Low temperature is favorable to the 
activity of Fucus spermatozoids. 
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NOTE ON THE GALVANOTROPIC RESPONSE OF THE 
EARTHWORM! 


A. R. MOORE AND F, M. KELLOGG, 


BIOLOGICAL LABORATORY OF BRYN MAwR COLLEGE, BRYN Mawr, Pa. 


Since Blasius and Schweizer? first found that many animals, 
both aquatic vertebrates and invertebrates, orient themselves 
characteristically to the electric current, the galvanotropic 
response has been studied carefully by a number of investigators 
in paramecia, motile alge, medusa strips and tentacles, certain 
crustacea and salamanders. In general it may be stated that 
under normal conditions, paramecia, motile alge, and pieces of 
medusa tend to move toward the kathode, while vertebrates and 
crustacea which are galvanosensitive, progress toward the anode 
and avoid the kathode either by turning away from it or by 
walking backward. Loeb* and his collaborators account for the 
coérdinated movements of vertebrates and crustacea under the 
influence of the electric current by suggesting that they are due 
to changes in the tension of associated muscle groups, viz: 
flexors and extensors. 

It seemed that the earthworm, Lumbricus terrestris, with its 
simple locomotor system of circular and longitudinal muscles 
offered favorable material for testing this idea. The following 
is an account of the response of this animal to the constant elec- 
tric current, based on a large number of observations made on 
different individuals at different seasons of the year. It is true 
that Blasius and Schweizer noted the galvanotropic response of 
Lumbricus but unfortunately limited their description to the 
stimulating effects of the “make”’ shock and the final crawling 
of the animal to the kathode, consequently omitting mention 
of the significant intermediary stages due alone to the flow of the 
constant current. 


In our own experiments, an animal to be tested was put into a 
1 Drawings by Mary Cline. 

? Blasius and Schweizer, Pflueger's Archiv, Bd. 53, S. 493. 

Loeb, J., Pflueger’s Archiv, Bd. 66, S. 439. 
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hard rubber trough, 5 cm. X 5cm. X 20cm. and containing I cm. 
depth of tap water. The current, from the ordinary lighting 
circuit, passed through a water rheostat, pole changer, milliam- 
meter and key, and was received at either end of the trough by 





non-polarizable electrodes made of wet filter paper. The strength 


of current used varied between 20 and 100 milliamperes per 





square decimeter, voltage 110. As soon as the current was made 
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the worm began to orient itself and in a few seconds the an- 
terior and posterior ends were directed toward the kathode, so 
that the animal took the form of a U with the concave side 
toward the kathode (Fig. 1). In this situation it continued to 
make writhing and progressive movements, and therefore the 
figure varied somewhat from time to time. If, by reason of 
excessive movements, any part of the worm showed anodal curva- 
ture, the latter was instantly corrected by contraction ‘of the 
muscles on the kathodal side. Because of the anterior end of the 
worm being always the more vigorous in its movements, the ani- 
mal ultimately succeeded, as a rule, in crawling to the kathode. 


If it were cut into pieces 3 to 4 cm. long, these pieces when placed 
transversely in the trough and subjected to the action of the 
constant current, continued to orient themselves in the-same 
fashion as an entire worm (Fig. 2) but progressive movements 
were absent. When the current was reversed, the specimen, 
either entire or sectioned, immediately responded by turning 
its ends towards the new kathode. The delicacy of the response 
was lost in fatigued animals. 

Since the earthworm has but two muscle systems with which 
to accomplish its locomotion, viz: circular and longitudinal, it is 
obvious that one-sided movement or bending can be brought 
about only by unequal contraction of the longitudinal muscles 
on the two sides. It would seem that this is a case in which an 
entire animal responds to the electric current in the same fashion 


as did Bancroft’s! medusa tentacles and bell strips. Since no 
Dp 


! Bancroft, F. W., Journ. Exp. Zool., Vol. I., p. 280. 





134 A. R. MOORE AND F. M. KELLOGG. 


locomotor limbs are involved in the earhtworm’s reaction its 
response accords in as simple a way as possible with Loeb’s 
theory of galvanotropism. We may therefore conclude that the 
constant current produces the effects described by increasing 
the tension of the longitudinal muscles on the kathodal side of 
the worm, which results in this part being more strongly con- 
tracted than the anodal region. 
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I. INTRODUCTION. 


In the study of the details of the configuration of the friction- 
ridges found covering the surfaces of human palms and soles 
there opens up a field of the greatest value for the biologist. 
Varying greatly individually, though constant throughout the 
life of a given individual; still following the lines laid down for 
them in more primitive mammals, yet modified and varied as the 
result of mechanical causes; showing markedly and with certainty 
a direct inheritance from the immediate parents as well as from 
generations more remote; they may be used with profit by the 
morphologist, the ethnologist, or the student of genetics, while, 
as the surest and most positive characters of an individual, they 
may serve the authorities in the identification of a human body, 
living or dead. 

A great advantage in the study of these parts lies in the ease 
with which a print of the surfaces may be taken, thus furnishing 
a permanent record, accurate in even the minuter details, and 
easily filed away. These prints, with the ridges marked in 
black upon a white background, and reduced to a perfectly 
plane surface, are much easier to study than are the real objects; 
laid out upon a large table they may be compared with ease; 
they are always ready for reproduction where desirable. Un- 
deniably the patterns are complicated, and many new concep- 
tions, and the new terminology which expresses them, confront 
the beginner, as in any new field; but this much once accomplished 
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there opens up to the investigator an almost endless series of 
new phenomena the study of which, in the few years during which 
the subject has received special attention, has been no more than 
begun. 

As this paper is intended in part as an invitation, or perhaps 
a propaganda, for more work in this subject, a bibliography of 
the entire subject is appended, with some suggestions as to the 
character of the separate titles. It may not come amiss, also, 
to give in this place a key to the method of formulation now in 
use, which, although somewhat artificial in the sense that it 
does not have much morphological significance, is a convenient 
way in which to express the fundamental conditions found in a 


given palm or sole, and as such, has already been extensively 
used.! 


In the palm the starting-points of this system are four triradu 
(Galton’s delias) which lie at the bases of the four fingers, and 
may be designated as A, B, C, and D, the first situated beneath 
the index finger, and so on. As in all triradii, these points form 
each the meeting place of three radiating lines, at approximately 


120° from each other, and of these three radiants two short ones 
pass obliquely upwards (distally), defining a small digital area, 
while the third follows a longer and quite variable course across 
the palm. These latter are the four Main Lines, designated by 
the same letters as are used for their triradii of origin, and as 
their position indicates the configuration of the entire palm, a 
simple method of describing their course is of first importance. 

To “interpret” a given palm it is first necessary to locate the 
four digital triradii, A, B, C, and D, and then to trace from these 
centers their three radiants, and more especially the main lines, 
following them across the palm wherever they may lead, never 
crossing a ridge. Often, in this pursuit a single ridge may be 
followed almost the entire distance; again, the ridge that is being 
followed may come to an end, yet the direction be immediately 
taken up with a new one, upon which the line may be continued. 
Where a ridge forks, and thus allows two or more possible courses, 
the most distal one should be taken. If, now, these courses be 


1 Cf. the recent papers of Schlaginhaufen, 1906; Loth, 1906, and the two papers 
of Wilder on “ Racial Differences,’’ 1904, 1913; cf. also the exposition of the method 
in Martin’s new ‘‘Lehrbuch der Anthropologie,”’ Jena, 1914, pp. 360-367. 





Fic. 1. Print of a left hand, showing method of “ interpretation,”’ as ex- 
plained in the text. The print shows the four main lines, and the numbets arbi- 
trarily assigned to the different parts of the margin. Formula: 9°7-5-4. Line A 
becomes involved in a hypothenar pattern, giving it the value of 4. 
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marked, while being followed, by a colored pencil, of red, or some 
other conspicuous color, or by ink, the palm will appear like 
those shown in Figs. 1 and 2, except that the result will be 
naturally more or less unlike either model. 

As the triradii of origin never vary much in position, the general 
course of the main lines may be given by determining with some 
precision their termini, that is, the points at which they issue 
from the margin of the friction-skin area. This is easily accom- 
plished by designating the several regions and points along the 
margin by an arbitrary system of numbers, as here shown, using 
the numbers 1 to 13. In this the more definite points, like 
triradii or pattern-cores, are designated by even numbers, and 
the intervals between these by odd. Thus 2 indicates the carpal 
triradius, lying on the proximal margin at the middle of the wrist. 
When not actually present, the location of this point is equally 
well determined by a parting of the lines towards the radial and 
ulnar sides. 4 indicates the hypothenar pattern, a conspicuous 
feature present in about 20 per cent. of white hands; when the 
pattern is wanting, this number is not used. The numbers 
6, 8, 10, and 12 indicate the four digital triradii, but in the reverse 
order, beginning with triradius D. The odd numbers are not so 
precise, and designate the entire lengths of margin between the 
points just mentioned. I means any termination upon the 
radial side (thumb-side) of the carpal triradius; 3 begins at this 
latter point and runs up along the ulnar side as far as the hypo- 
thenar pattern, and 5 lies between this pattern and triradius D 
at the base of the little finger. When an hypothenar pattern is 
not indicated the distinction between 3 and 5 is somewhat 
uncertain, but in general, if the entire outer margin of the palm 
between the lower outer corner (proximal ulnar) and triradius D 
be divided into thirds, the lower, or proximal third is 3, while 
the distal two thirds are 5. The boundary between these two 
numbers thus corresponds to the point of location of 4 (hypothe- 
nar pattern) when present. The numbers 7, 9, 11 and 13 desig- 
nate the spaces between the fingers, 7 being that between the 
little- and ring-fingers, and so on. 

Thus, given these arbitrary values for the parts of the margin, 
it will be seen that in Fig. 1, line D crosses the margin at 9, C 
at 7, and B very high up along 5. Line A becomes involved in 
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the hypothenar pattern, indicated by the digit 4. The entire form- 
ula is thus, in the natural order, 4-5-7-9. In Fig. 2 lines B and C 
become confluent, so that the termination of each is designated 
by the number indicating the origin of the other, and the formula 


Fic. 2. Print of a right hand, marked asin Fig.1. Formula: 11-10-8-5. Here 
the main lines B and C are confluent, and may each be considered to end in the 
triradius of origin of the other; that is, line B ends in triradius 8, and line C in 
triradius ro. The third and fourth interdigital patterns are present, the latter 
with a triradius belonging to it. These features may be added to the formula in 
giving a complete description. 
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will read 5-8-10-11. In this hand, also, is shown a case of 
divergent ridges along the course of line A, a common phenome- 
non, so that by following different ridges the line might be made 
to terminate almost anywhere along a considerable extent of 
margin. Following the rule above stated, however, that of 
carrying a line as far distally (towards the finger-tips) as possible, 
the line is made to terminate at 5. 

In this way any human palm may be formulated by the use 
of four numbers, which indicate the conditions so nearly that 
one cannot be far out of the way if he should try and draw a 
given palm from the formula alone. This can be easily proven 
by anyone who knows the system and makes the attempt, using 
the formula only, and withholding the original print until the 
drawing is completed. This formula makes no attempt to 
indicate any features other than the course of the four main 
lines, yet, in point of fact, the presence of a pattern is sometimes 
indicated, as in the case of Fig. 2, where the fusion of lines B 
and C encloses a small area between the middle- and ring-fingers, 
and makes a looped pattern there a necessity. 

When a large number of formule are accumulated they may 
be readily arranged in numerical order, subdividing first by the 
first number, and so on. For practical purposes, however, it is 
found better to reverse the entire formula, beginning with the 
number representing the course of line D, since with this latter 
there is not only more precision in termination than in the case 
of line A, but also line D is more variable, and thus furnishes 
more classes for the first subdivision. Thus the formule for the 
two cases here illustrated should read respectively, 4-5-7-9 and 
II-10-8-5, the first coming before the second in a numerical list. 

Corresponding to the results of a morphological study of the 
patterns, which shows them to have first developed on the raised 
surfaces of the eleven typical pads (Whipple, 1904), traces of 
this number are to be expected in their proper places. The five 
apical patterns appear on the balls of the five digits, the center 
or core of each coinciding with the rounded apex of the raised 
area. In their most primitive form they appear as concentric 
circles or ovals, or some modification of this form, limited by two 
triradii (deltas), the “‘whorls” of the finger-print system; the 
reduction of either one of the original triradii transforms the 
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whorl into a loop, ulnar or radial in accordance with the triradius 
that is suppressed; and this figure in turn becomes an arch by the 
suppression of the remaining triradius. The low arch, without 
appreciable core, is thus the final stage in the reduction process 
ofa finger pattern. The fact that all possible stages along several 
lines of degeneration are found in man indicates the reduction in 
functional value as friction organs of these once so vital parts. 

The six patterns of the palm proper consist of the four inter- 
digitals, lying just proximal to the intervals between the fingers; 
the thenar, and the hypothenar. Of the four interdigitals the 
first (at the radial end of the series) lies below the wide interval 
between thumb and index finger, and is found usually in close 
connection with the thenar, the two forming loops opening in 
opposite directions, and with two triradii between them. This 
pattern-complex is rare in the white race; but much more frequent 
in some others (e. g., the Maya-Quichés of Yucatan; Wilder, 
1904). The three remaining interdigitals appear below the finger 
intervals, the second lying between triradii A and B, the next 
(third) between B and C, and the fourth between Cand D. The 
one between triradii A and B (second) is the rarest of the three 
and the fourth, between C and D, is the commonest. Further- 
more, this last is frequently provided with a triradius of its own, 
aside from C and D, a peculiarity occasionally, but not so fre- 
quently, met with in the other cases. The third pattern, between 
B and C, is liable to be confused with a “false pattern” caused by 
certain configurations of the ridges of the palm, but easily dis- 
tinguished from the real one by its position in a depression rather 
than on an elevation (Whipple, 1904). The three mounds of 
this region are easily seen in most hands by bending the fingers 
back and looking across the palm in various directions. They 
are the plainest in children and in the fetus they are often ex- 
tremely conspicuous (Retzius, 1904). 

As might be expected, a human hand presenting all eleven 
patterns is quite rare, yet does occur. Such a case, found in the 
right hands in twin boys, has been already figured and described 
by the writer.! 


As each of the four interdigital pads (or patterns) possesses 
typically three triradii of its own, with four for the third, it is 
1 Wilder, Anat. Anz., Bd. XXXII., 1908, pp. 194, 195. 
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Fics. 3-5. Diagrams giving the morphological explanation of the friction-ridge 
configuration as found in the Primates, and especially in man. Fig. 3 represents 
the condition in primitive walking mammals, and follows closely the condition 
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found in Microtus, a field mouse and Crocidura, a shrew. The contact with the 
ground comes upon eleven walking pads; five apical or terminal, 1-5, four inter- 
digital, I1.-IV., a thenar, Th, and a hypothenar, H; eleven inall. These are surrounded 
by folds of skin, two for the apical pads, four for the third interdigital, and three 
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for each of the others, and where these folds come together there are formed triradii, 
or centers from which folds radiate in three directions. 

Upon this original surface certain epidermic units (scales?) which are un- 
doubtedly very primitive, and were there before the formation of pads and folds, 
become definitely arranged in concentric circles over the pads, and in lines along 
the folds. Nearly every stage in this rearrangement may be found by looking 
over the more primitive mammals, especially marsupials and lemurs. The separate 
rows of units tend to unite to form ridges, which possess an important function in 
increasing the friction, and thus preventing slipping. 


In monkeys, Fig. 4, the pads and folds are flattened down to an approximately 
level surface, but the arrangement of the ridges still indicates the former condition. 
The relief has become a picture. 


In man, Fig. 5, the reduction in functional importance of these friction-ridges 
allows all forms of degeneration, both in the individual patterns and in the ridges 
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Fic. 5a. 


asa whole. There is also shown a marked tendency for all the ridges to shift from 
the longitudinal position of the apes to one more nearly transverse, and this ten- 
dency is much more marked in right than in left hands, evidently corresponding to 
use, and recording the change from the grasping of tree boughs to the holding of 
tools and other objects. 


While all degrees of the loss of the original configuration and the assumption of 
transverse ridges may be found in different human hands, it is seldom that so 
many of the mound patterns are retained as in Fig. 5 (Coll. No.90). The formula, 
however, I1°9°7°5, indicated the establishment of the transverse position in the 
interdigital region. Fig. 5¢ shows a very primitive Thenar region in a Liberian 
negro. (Coll. No. 571, taken by F. Starr.) 
evident that in the human species a very considerable reduction 
of these points has taken place. There are left in all cases, 
however, the four main triradii, which are so constant as to 
allow their use as the starting points in palm formulation although 
it is by no means certain that they are in all cases strictly homol- 
ogous. Thus, from Figs. 3 and 4 it is seen that the second inter- 
digital pattern has originally two distal triradii, either of which 
might persist as triradius A, and it is likely that the one that 
appears is sometimes one and sometimes the other of the original 
two. Other of the missing triradii appear occasionally somewhat 
lower down on the palm (proximal to the pattern) especially in 
connection with-the fourth pattern. 

A definite hypothenar pattern appears on about 20 per cent. 
of hands of the white race, but the occurrence differs considerably 
racially and in some may be either more or less frequent. It is 
occasionally found in its more primitive form, as a whorl with 
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the three original triradii, but it displays a tendency to become 
drawn out along one axis and form an extensive spiral or S-formed 
figure. ‘ 

As is well known, the exact and detailed configuration of the 
five apical patterns, the “finger-prints’”’ of identification bureaus, 
was employed by the late Sir Francis Galton (1892, 1893, 1895, 


Fic. 6. Diagram of a human sole, with the margins numbered to correspond 
to the palms in Figs. 1 and 2, and marked with the main lines. From an article by 
the author in Pop. Sci. Monthly for September, 1903. By permission. 


etc.) as the basis for his system of personal identification, and, 
within the last twenty years, has become scientifically developed 
by certain police investigators, notably Sir Edward Richard 
Henry. At the present time the “finger-print system” has been 
introduced into all civilized countries, and its scope is steadily 
increasing. As the friction-skin configuration offers an abso- 
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lutely sure test, and the only one, for the identification of a 
human body, alive or dead, it is certain that this use of the apical 
patterns will be followed by a similar employment of the entire 
palmar and plantar surfaces, as advocated by the present author 
since 1902, and at this writing it is a pleasure to note that sole- 
prints have recently been put in use in a Chicago maternity hos- 
pital for the identification of the babies. 

Something on the frequency of occurrence of the six patterns 
upon the palm has been done in connection with racial differences 
in friction-skin configuration! and their progressive degeneracy 
from the simian type has been followed, in some cases along 
several lines, by Miss Whipple (1904, pp. 341-350). 

The friction-skin configuration of the sole shows a much greater 
range of variability than is seen in the palm, and correspondingly 
its formulation presents a more serious problem. When the 
print indicates the four main triradii it is possible, of course, to 
draw the same four main lines, A, B, C, and D; using the same 
arbitrary numbers to designate marginal features (Fig. 6), yet 
this method is unpractical from a number of causes. In the 
first place the four essential triradii lie up in the hollow between 
the ball and the toes, and quite often come beyond the usual con- 
tact area, and thus are not seen in a print. Again, they are by 
no means as constant as in the hand, being occasionally replaced 
by other triradii which have survived instead of these; and still 
again, when the main lines are traceable, they quite often assume 
near their free ends a parallel course and terminate close together 
along the margin designated by the digit 1, thus giving little or 
no variety to the formula (1-1-1-1). 

It has thus seemed more expedient to employ a distinctly dif- 
ferent scheme for sole formulation, as illustrated in Figs. 7 and 8. 
The print is interpreted, that is, is marked off into areas, by the 
use of the main lines as in the palm, but as the lines themselves 
are not used otherwise than as boundaries, the tracing of their 
course is not so critical. Where all four main triradii are present 
as in Fig. 7, this interpreting is a simple matter; yet there are 
numerous cases in which one or more of the triradii lie above 
(distal to) the contact area, as in the case of triradius C of Fig. 8. 
Here there is, however, some divergence of the ridges at the upper 

1 Wilder, Amer. Anthrop., 1904, 1913. 
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margin, sufficient to indicate the position of the line approxi- 
mately, and the case is assisted by the presence of a “lower” 
or proximal triradius, one radient of which practically coincides 
with the supposititious C line. Thus between the two a boundary 
is fixed between the areas of the fourth and the third interdigital 
patterns, while the second, and the boundary between it and the 


third are definitely indicated by means of the main triradii. 


Fic. 7. Print of a right sole, showing the method of dividing the “ ball" into 
its four interdigital areas, each of which may be separately described by formula. 
This method is fundamentally different from that used for the palm, as shown in 
Figs. 1 and 2. Formula: W-L-Cl-O-H-H2. 


Now in all cases, whether the limits are precise, as in Fig. 7, 
or approximate, as in Fig. 8, the “‘ball’”’ of the foot is easily 
divided up into areas corresponding to the four interdigital 
patterns. Of these the first, beneath the great toe, or rather 
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beneath the interval between this digit and the next, is the largest, 
and is usually covered with a definite arrangement of ridges, the 
hallucal pattern. It will be noted that this, the most important 
of the four in the foot, is the same one that, in the hand, appears 
only as an adjunct of the rare thenar pattern, and is thus of little 
importance. This difference is plainly the result of the difference 
in function and use of foot and hand, as in the former the main 
work is performed by the heel, and by the four interdigital areas 
placed in a row close together, while of this row the inner end, 
below the great toe, is used the most. 

The descriptive formulation of the sole configuration is thus 


# < ee : 
Lut 


Fic. 8. Print of a right sole, showing a second case of the method of inter- 
pretation used in the preceding figure. This print exhibits the unusual case of the 
effacement of a definite hallucal pattern, similar to the sixth type shown in Fig. 9. 
Formula: BC- L-Cl-Cl-x, 


seen to be most advantageously accomplished by using the areas 
rather than the lines, and describing the condition of-the patterns 
found upon them. To begin with, the hallucal pattern, which is 
used for the classification of soles into primary groups, is found 
in its most primitive form as the whorl, equipped with its three 
typical triradii, A, B, and C (Fig. 9). Either triradius may be 
wanting, thus allowing the ridges to open, or gush out, to use a 
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figure which has no morphological significance, in the direction of 
A,or B,orC. The whorl, in formula writing, may be designated 
as W, and the three derived types just given, may be distinguished 
by the triradius that is wanting, as A, B, or C, respectively. 
Aside from these, there are compound types, where two of the 
triradii fail, and where the ridges flow out in two directions. Of 


Fic. 9. Diagram showing the types of hallucal pattern. W is a whorl, with 
the three triradii all present, A, B, and C. In type A triradius A, the distal one. 
is lost, and the ridges flow out between the first and second digits. In type B the 
triradius of the name, the tibial one, is lost. while A and C remain, and in type C, 
the fibular triradius (C) is lost, or nearly so, giving an outlet for the ridges in that 
direction. Types AC and BC may be interpreted as compound types, explicable 
from the others, especially C, where the two triradii A and C lie near together. In 
AC the remaining triradius is assumed to be B, andin BC itis A. In AC the rem- 
nant of the pattern lies to the left of the triradius; in BC below it. 
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these the possible types are AC, BC, and AB, the distinctions 
between which are obvious. The type shown in Fig. 7 is virtually 
a whorl (W), although it is not typical; while the type of Fig. 8 is 
extremely rare, and is most probably interpreted as an AB, with 
some possibility that it is rather a BC. The three remaining 
areas are conveniently designated as I., II., and III., respectively, 
and are characterized as either open (O), or closed (Cl) in accord- 
ance with the condition of their proximal ends. Thus, in Fig. 7, 
I. and III. are open, that is, they reach the inner margin, while 
II. is clearly closed; in Fig. 8 all three are closed, but I. is open for 
some distance, curves around the base of II., and abuts finally 
against the side of III. Occasionally, too, an area may be closed 
at the top, also, as area I. in both figures given, and sometimes 
the ridges of two areas flow into each other, that is, they are con- 
fluent. A confluence is easily marked by the designations of the 
areas involved, united by a + sign, as, I.+III.; I.+I11.; and a 
closure of the distal end may be designated by an / (loop). 

This method of formulation of the sole configuration was first 
attempted in 1904! in making comparisons of the sole prints of 
different human races. In this article, in addition to the for- 
mulz, as just described, certain exponent letters with an arbitrary 
significance were employed to qualify the more general terms. 
The presence of a hypothenar pattern (usually represented by a 
single loop) upon the outer edge of the foot proximal to the 
interdigital row, was also indicated by a capital H, added to the 
rest. 

Representative sole formule, taken from this article, are here 
given. The main symbols will be readily understood from the 
foregoing; the meaning of the descriptive exponents, which are 
of less value, may be found by referring to the article, pp. 253-254. 


WwW O O O 
A OCI Cl O 
A. O + 3Cl + 20 
Wsp +3 Cl +1 
B +3 Cl +3 I+ 2 
In the first of these the hallucal pattern is a whorl, while the 
three succeeding areas are open fields, without patterns. The 


1 Amer. Anthropol. 
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second has an ‘‘ A-loop,”’ the commonest form of hallucal pattern, 
where the pattern is closed, except at the interval between the 
great toe and the next, where the ridges run up and attain the 
margin; the second area, II, has a proximal loop, probably with 
triradius, which confines a part of the ridges. In the third formula 
some of the ridges run in the form of a U between areas 2 and 3, 
and in the fourth a similar union involves all the ridges of areas 
tand 3. The fifth notes an unusual form of hallucal pattern, 
together with a strange mix-up in the union of areas, which will 
become plain from the explanation of the rest. 

This method of formulating sole configuration is by no means 
an ideal one, but it serves fairly well the general purpose of pic- 
turing the configuration of a given sole in a few terms. A 
fundamentally different method has been introduced by Schlagin- 
haufen (1905), based upon the identity of the various triradii 
occurring on the sole. Each one of these is designated by an 
abbreviation, like “‘tg’’ or “#13,” and the description: is based 
upon the position and relations of these. This method is thus a 
method of description rather than a formulation, and although 
in many ways convenient, it depends upon absolutely exact 
homologies, which, in our present state of knowledge, is not pos- 
sible. It thus seems better to rely upon some artificial method, 
which is capable of picturing the essential details of a given 
sole, rather than to attempt a series of homologies based upon 
our present incomplete knowledge. 


The two proximal patterns, thenar and hypothenar, have 
naturally suffered much displacement from the peculiar lengthen- 
ing of the proximal part of the foot to form the human heel, and 
a discussion of their position and homologies will be found farther 
on in this article. Here it may be said that the transversely 


placed loop, sometimes seen on the outer edge of the sole, just 
proximal to the row of interdigital patterns across the ball, may 
safely be considered the hypothenar pattern, or more probably 
a portion of it (Fig. 7). The thenar, rare and more or less rudi- 
mentary, as in the hand, is indicated by traces of irregularity in 
the lines, or an occasional loop and triradius, found upon a slightly 
raised area upon the inner edge of the sole, not much distal to the 
heel (Figs. 21 and 23 below). 
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‘II. A PrimitrvE PALM PRINT. 


Among the prints collected from college students the past 
year occurred an isolated case, unique in the history of human 
palms thus far known (Fig. 10). 





Fic. 10. Tracings taken directly from prints of the two hands of Miss (Coll. 
No. 647), showing the simian type to a degree not even approached by any other 
human individual of the many hundreds thus far placed under observation by the 
various investigators. Formula: 1-7-1I-I or I*I*r+tr. 
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In the left hand of this individual, the one first noticed, all 
four main lines, A, B, C, and D, which proceed from the triradii 
at the bases of the four fingers, instead of running transversely 
or obliquely across the palm, as in all cases hitherto observed, 


Fic. 11. Hand of a chimpanzee (Anthropopithecus), taken from a drawing by 
W. Kidd, and treated in the same way as Fig. 10, for better comparison with it. 
Formula: 7-6: 2-2. 


pass downward in a longitudinal course, and terminate near 
together in the middle of the wrist. This gives the unheard-of 
formula 2-2-2-2, if they be considered as terminating together 
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in a carpal triradius, or, what is still more remarkable 1-1-1-1, 
if they do not. 

It is rather unusual, but by no means rare, to find line A as- 
suming a low position along the lower third of the free outer 
border of the palm (position 3); several cases have been met with 


Fic. 12. Hand of a gorilla, taken from a drawing by W. Kidd and treated in the 


same way as Fig. 10, for better comparison with it. Formula: 3°3+2-*1-(?). 


in which this line reaches the carpal triradius (2); and one 
instance is known of line A terminating within (on the 
thumb-side of) this point (position 1); but no such course has 
ever been recorded for any of the other main lines, not even B, 
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which, from its propinquity to A, might be thought capable of it. 
Line B, at the lowest position recorded, still keeps within the upper 
two thirds of the outer (ulnar) margin of the palm, and thus 
never attains a number less than 5. The known range of line C 
is between 5 and 11, and D always curves up, from position 7 on, 
save in one rather doubtful case in which it appears to curve 
downwards and outwards, to reach the outer margin at 5. 

The right hand of the same individual, while closely similar to 
the left in general appearance, introduces a slight variation in 
the form of a lower triradius, which confines a number of the 
ridges of the third interdigital area, allowing line C if one wish to 
so interpret it, to curve upwards and terminate at position 7, 
between the ring- and little-fingers. By this interpretation the 
course of Line C becomes quite normal, and suggests the possi- 
bility, with a slight rearrangement of lines, of fusing lines B and 
D, giving the total formula 10-7-6-1, which, except for the posi- 
tion of line A, is not at all unusual. 

This right hand, much like the left but with the profound 
change produced by the presence of the lower triradius in the 
third interdigital area, suggests a partial explanation for the 
wholly anomalous condition of the other side, for in the left palm, 
at the point corresponding to the lower triradius of the right there 
seem to be one or two ridges that curve and suggest the last 
vestiges of a vanished triradius like that of the right. The 
presence of such a formation in this place might bring about a 
fusion of lines C and D, making the first two terms of the formula 
6-8, yet even thus lines A and B are not explained, and remain 
wholly abnormal. 

Whatever the explanation, the picture presented by these two 
palm prints, especially the left, with the ridges crossing the hand 
lengthwise, is strikingly like that exhibited by the large Anthro- 
poids. This is shown in Figs. 11 and 12, put into the form of 
diagrams after the sketches of Kidd (1907; Figs. 48 and 46). 
Since, however, the figures of this author were drawings from the 


objects, and not print impressions, and as they were designed 
to show the relief, including certain of the deepest rug, it was 
often difficult to determine the exact course of the ridges, and 
they are not wholly trustworthy on that account. The similarity 
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of these to the case here presented is obvious; they may even be 
formulated by the method devised for human palms, the formula 
being, respectively 7-6-2-2 and 3°3:2°I. 

The family to which the subject of this sketch belongs, No. 647 
of my collection, is of good old English ancestry, and numbers 
among her near relatives several persons of more than ordinary 
distinction. The subject herself is an attractive young person 
of excellent mind, graduating from college with distinction, and 
having nothing at all abnormal about her, save this singular ar- 
rangement of the palmar friction-ridges. 

An investigation of the hand prints of both parents, revealed 
typical European racial characters, such as the formula 11-9+7°5 
in the right hand of the father and the left of the mother; the 
father’s left hand bears the formula 11-7-7-4, and the mother’s 
right is 11-11-9-5, a little unusual but quite normal for a white 
person. 

Unfortunately, owing to the prejudice of the family, I was not 
permitted to obtain sole-prints of either the subject herself or 
of her parents, and consequently can make no further report. 


Ill. THE BorDER REGION OF THE PLANTAR FRICTION- 
SKIN. 
Unlike the condition in the hand, where the friction-skin of the 
palm terminates along the borders of the contact surface, the 


friction-skin of the foot extends up along its sides considerably 
beyond the physiological sole. Since friction-skin has little or 
no pigment, this extension upwards gives the feet of dark-skinned 
races, when barefooted, the well-known appearance of pink slip- 
pers worn over black stockings. 


It thus happens that, while in the hand a simple contact print 
includes practically the entire friction-skin area, a similar print 
of the foot includes only the inner portion of the ridged skin, 
leaving an appreciable border entirely around the part printed, 
concerning which no record is made. The relation of this tread- 
area, the usual extent of a print, to the entire surface covered with 
friction-skin is shown in a few examples here, and convinces one 
immediately of the insufficiency of a tread-area print (Figs. 13 
and 14). 
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The most common loss is that of the loop upon the outer edge 
of the sole, the probable equivalent of the hypothenar, or of a part 
of it. This loop is extremely frequent, but as its center occurs 


Fic. 13. Print of right foot of Coll. No. 22, showing hypothenar loop, and thenar 
rudiment, both outside of the tread area. 


near the hypothenar edge, it is more than likely to fall just beyond 
the edge of a tread-area print. Thus, when completely printed, 
Figs. 13 and 15 are alike in respect to the loop in question, but 
with ordinary tread area prints the loop in the former would 
escape observation. In Fig. 16 a single hypothenar loop would 
be evident in a tread-area print, but it would never be mistrusted 
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that there was a second loop proximal to the other, or that the 
two were separated by a triradius; in Fig. 17, closely similar to 
16, a tread-area print would show simply an uninteresting sole, 


FIG. 14. FIG. 15. 


Fic. 14. Print of right foot of Coll. No. 202, showing extensive hypothenar 
loop, not shown by an ordinary tread area print. 


Fic. 15. Print of right foot of Coll. No. 609, showing hypothenar loop, practic- 
ally identical with that of Fig. 13, but so placed that it appears in a tread area print. 


devoid of all special features, and would fail to show either 
hypothenar loop or the triradius between them. 

Thus far, in the history of the investigation of human soles, 
there have been on record but three cases in which the general 
surface of the sole, proximal to the ball of the foot, shows a 
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pattern—a West African negro,' a Pole,? and a Liberian negro.* 
For the sake of comparison they are all reproduced here (Figs. 
18, 19, 20), that of the Liberian being completed in theory 


Fic. 16. FIG. 17. 


Fic. 16. Print of right foot of Coll. No. 236, showing two hypothenar loops and 
a large triradius. An ordinary tread area print would show only the more distal 
of the two loops, and present a sole, in this particular like Fig. 15. 

Fic. 17. Print of the right foot of Coll. No. 183, like Fig. 16, with the addition 
of a thenar rudiment, the most of which would remain unrevealed by an ordinary 
print. 

1 Schlaginhaufen, 1905, p. 102. 

2 Mme. Loth, 1912, p. 603. 

* Wilder, 1913, p. 205. 
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beyond the limit of the print, to show the probable course of the 
ridges. Now in all three cases we are dealing with loops that 
run across the sole, and in any one of them, if the core of the loop 


a 


Fic. 18. FIG. 19. 


Fic. 18. Print of Schlaginhaufen’s case; a West African negro, with a loop in 
the hollowinthefoot. Both feet were practically the same. 


Compare with Fig. 14. 
Mme Loth’s case; a negro from North America. 


FIG. Io. Compare with Fig. 14. 


had chanced to have been placed a little more laterally there 
would have been shown simply a sole crossed by the usual 


transverse lines. Even as it is, in two of the three cases, Mme. 
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Fic. 20. Print of right foot of Liberian negro; H. H. W. Coll. No. 585, collected 
by F. Starr. Here the loop which corresponds with the two preceding is brought 
into association with a more distal one turned the other way, and perhaps, if we 
may believe in the theoretical completion of the figure as indicated, there is involved 
a third loop, more proximal than the others. Careful notice must be taken that 
the heavy lines of the margin, which indicate the tread area, are here all that we 
have, as the subject is somewhere in Liberia, and not available, and therefore, that 
the completion of the lines outside of this margin are wholly theoretical. In all of 
the other cases the lines outside of the tread area rest upon actual prints ob- 


tained by rolling thefoot. This print has been previously printed (Amer. Anthropol., 
I9I3, p- 205). 
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Loth’s and mine, the individuals were flat-footed and the prints 
were broader than usual, so that if the feet had had the customary 
height of arch these figures would have lacked in extent, and in 
the case of the Liberian the loop upon the inner side might have 
been entirely lost. 

It thus forcibly suggests itself that such patterns as the three 
just considered may not be as rare as has been thought, but that 
many of the prints of the usual monotonous type, consisting, through 
the middle of the foot, of transverse parallel lines without special 
features, might yield interesting results if the entire friction-skin 
area were included. 

Some years ago I attempted to remedy this defect by rolling 
the foot while being printed, first to the outer, and then to the 
inner, side, but while this proved fairly satisfactory for the outer 
portion, the hollow part of the sole, upon the inner side, still 
remained unprinted, and left a large oval area without record. 
Schlaginhaufen also, who devoted some study to this hollow 
region in his extensive work on the Planta (1905) has later sought 
to include in his records these neglected parts, and has places 
in his printed record sheet for (1) the tread area, (2) the rolled 
outer edge, (3) the inner hollow of the foot, and (4) the back of 
the heel, thus making the record a complete one (1912). 

In my own attempts to investigate this border area of the soles 
I find it expedient, first, to make a careful study of the foot itself 


with a lens, and then to prepare prints corresponding in general 
to those recommended by Schlaginhaufen; but in some cases I 
supplement these by strips, applied to the inked foot, and extend- 
ing from one triradius, or other feature, to another, in order that 
they may be correctly oriented. Naturally, the three-dimen- 
sional object which the friction-skin covers makes it impossible 


to reduce the whole to an exact plane, but by overlapping the 
strips, superposing them carefully at the triradii, pattern-cores, 
and other important places, and then tracing the whole by a 
thin piece of paper which covers it, such a figure as that shown 
here (Fig. 21) may be obtained, which is approximately correct. 
For the details of pattern-cores, etc., the separate slips are suf- 
ficient, but the exact orientation of these must naturally be 
preserved. 





164 HARRIS HAWTHORNE WILDER. 


Prints of the tread-area and of the rolled outer edge are ob- 
tained in the usual way, by the use of an inked surface, upon which 
the part to be printed is first placed, and then placed, in the same 
way, upon a piece of white paper; but the strips used for details, 
or those covering curved surfaces, are best printed by first inking 


Fic. 21. Print of right foot of Coll. No. 87, reconstructed from impressions 
taken of various areas. Here the arch is very high and the tread area, indicated by 
the entire line, is very inadequate. This is one of the few cases known which show a 
calcar pattern, here, as elsewhere, consisting of a single loop on the heel, open to the 
tibial side, and slanted somewhat distally, thus coming into close relation with the 
thenar pattern, covering the small thenar eminence. This latter pattern is also in 
the form of a loop, with its opening directed fibulo-distally, and is supplied with a 
triradius. 
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the foot and then putting on the slips, applied something like 
bandages, and pressed with the hand. To ink the foot the roller 
used in inking the paper surface may be employed, care being 
taken to spread the ink evenly and not too thickly. The applied 
strip may be pressed or gently rubbed with the hand. 

One of the chief gains resulting from the study of the completed 


Fic. 22. Drawing of the plantar aspect of the right foot of a chimpanzee, to 
show the normal position and relations of the four interdigital and the two proximal 
pads. For comparison with Fig. 23. 


friction-skin of the foot lies in the added material furnished for 
the study of the proximal row of patterns, the thenar and the 
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hypothenar. The long, extended heel of the human foot is so 
unlike anything found in typical mammals that even the location 
in the human subject of these once important eminences, with 
their associated patterns, is by no means a simple matter. The 


, Interphatan geal 


Meta tarse- 


J pralangeal 


Tarso- 
meta tarsal 


Fic. 23. Diagrammatic drawing of a right human foot, resting upon the heel, 
as seenina recumbent figure; inner (tibial) aspect. The thenar pad is exaggerated, 
but accurately located. For comparison with Fig. 22. 


best aid here comes from the comparison of the human foot 
with that of some one of the large Anthropoids, preferably a 
Chimpanzee (Fig. 22), where both the thenar and hypothenar 
are still evident, although the drawing-out process has already 
commenced. The backward extension seems here to involve 
mainly the hypothenar region, and as this surmise is supported 
by the relationof the underlying skeletal parts, we may look upon 
the entire human sole, back of the “‘ ball of the foot,”’ 7. e., the inter- 
digital pads, as an extended hypothenar. The thenar seems to 
take no part in the extension, but lies passively upon the medial 
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side of the foot, quite above the tread area, where in man it may 
still be found greatly reduced in size and importance, but occa- 
sionally quite evident (Fig. 23). 

Difficult to even locate at first, one soon becomes accustomed 
to picking out the thenar pad on almost any foot, and in cases 
where it is really prominent, and when seen in the right light, it 
forms a conspicuous object. The friction-ridges crossing this 
eminence almost always exhibit some disturbance of their other- 
wise even course across the foot, and occasionally show a distant 
loop with a triradius (Fig. 21). As is to be expected, too, the 
best developed patterns are likely to occur on the most conspicu- 
ous pads, the atavistic tendency manifesting itself in these two 
ways at the same time. The last vestige of the thenar pattern 
is indicated upon a flat surface, without trace of a pad, by a 
slight disturbance of the friction-ridges in this place (Figs. 13, 
17, 24, and 25). 

Miss Whipple, in her fundamental work upon the whole subject 
of epidermic ridges, has considered the causes of the degeneration 
of the thenar pad of man and finds the principal one in the estab- 
lishment of the long arch, spanning the distance between the 
ball and the heel. The thenar pad, and, as she states, the 
hypothenar also, are both situated directly beneath the center 
of the long arch, and their reduction thus becomes a matter of 
necessity.1 Schlaginhaufen? gives several prints of the thenar 
pattern, without definitely designating it as such, and was quite 
right in stating that he was the first to carefully investigate this 
pattern. In its best developed form this thenar pattern, as 
thus far recorded, seems to consist of a simple loop with a single 
triradius (Fig. 21), or occasionally, two loops, with the triradius 
between them.’ 

Light is shed upon the question of the hypothenar pattern by 
the interpretation of the long-extended human sole as formed from 
the hypothenar region, since, if this be true, the pattern, or 
elements of it, may thus be looked for on any part of this area. 
This would determine at once as hypothenar, not only the narrow 
loop found quite commonly upon the fibular edge of the foot, a 

1Cf. Miss Whipple, 1904, p. 292, Fig. 19. 


21905, pp. 107-109, Figs. 182-184. 
’ Schlaginhaufen, loc. cit., Fig. 183, 1. 
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little proximal to the ball (Figs. 13, 14, 15) but also the second 
loop further back (Figs. 16 and 17), and probably also the enor- 
mous figure found in the middle of the arch in the three special 
cases mentioned (Figs. 18, 19, 20). Aside from these three 


os 


Fics. 24 and 25. Prints of the two soles of the same individual (Coll. No. 199), 


in which an inward rolling of the feet reveals on both sides a rudimentary thenar 
pattern. 


elements there is also the calcar pattern, which, aside from a single 
family, in which it occurs in father, mother and two of the three 
children, I have seen but twice. (See below, Part VI.) 

Now, at the present state of our knowledge it is impossible to 
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say whether all of these patterns, or pattern fragments, are parts 
of a single hypothenar pattern, which has become spread out, 
and its parts disassociated, by the great extension of the part 
covered by it, or whether there are added to the genuine hypo- 
thenar elements certain “secondary patterns’’ (Whipple), like 
those covering the proximal and medial phalangeal surfaces in 
certain apes. The calcar pattern is treated as a secondary one 
by Miss Whipple,’ and is figured in two specimens of Cebus, 
where it appears definitely distinct from thenar and hypothenar, 
although in contact with both. On the other hand it involves 
no improbability to treat all of these elements, with the possible 
exceptions of the calcar, as the more or less disassociated parts 
of a long-drawn-out hypothenar, the result of a great extension 
of its field in one direction and finds a close analogy in the apical 
patterns of the four lesser toes in the human foot, where the 
pattern is drawn out laterally to such an extent that there occur 
not only long extended S-shaped figures, with the two loops far 
apart, but even those with three loops and three associated 
triradii. One of the latter is figured by Schlaginhaufen,’ and 
the same type is described briefly by Miss Whipple,‘ where 
“the pattern has become separated into distinct loops and an 
accessory degeneration triradius is introduced, that is, a triradius 
not originally present in the typical scheme but formed incident- 
ally in the process of degeneration of the pattern.” 

It is thus a priori probable that the three elements represented 
by (1) the simple hypothenar loop of the fibular side (Fig. 13), 
(2) the second loop occasionally present proximal to the latter 
(Fig. 16), and (3) the large loop in the middle of the foot, of which 
but three instances have thus far been described (Figs. 18, 19 
and 20), are all parts of a degenerated hypothenar, yet the ho- 
mologies of these several elements with one another, and the 
course of degeneration in the original hypothenar pattern, with 


the interpretation of these various existing vestiges, is still a 


large problem. For this there is great need of more data, com- 
plete prints of the soles of a large number of individuals, each 
one including the border areas of the friction-skin, with the 
11904, p. 361; Taf. VI. 
P. 334, Fig. 37, b and c. 
1905, p. 114, Fig. 185. 
* 1904, pp. 352-353. 
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portions so taken that recognizable features of the usual tread 
area are included, to allow definite orientation. 

From the few sole prints given here there are certain deductions 
and surmises concerning these possible hypothenar elements, 
that are at once apparent, and may be here mentioned, rather as 
suggestions to stimulate comparison than as definite assertions. 

1. All the elements here considered are loops, and, with the 
exception of one of the loops of Fig. 20, all open toward the medial, 
or tibial, margin of the sole. It is thus difficult to explain them 
as the two disassociated ends of a long S-shaped figure. 

2. In the case of Fig. 16, with two large loops facing the same 
way, the more distal is probably the loop commonly found on the 
outer margin, near the ball of the foot, while the other is readily 
comparable with the large loop in the hollow of the foot, as given 
in the cases of Schlaginhaufen and Mme. Loth (Figs. 18 and 19). 
If, however, we compare Fig. 16 with Fig. 17, we see this same 
proximal loop gradually reduced to a small but evident figure, 
on the way towards extinction. This gives us a series, Figs. 19, 
18, 16 and 17, in which a loop begins with occupying almost the 
entire sole, and ends as a rudiment. One recalls here Schlagin- 
haufen’s interesting series, in part theoretical, in which he derives 
such a case as that of Mme. Loth, from a moderate-sized loop, 
found in lower Primates, which crosses the heel region obliquely, 
and opens to the medial side (Schlaginhaufen, loc. cit., p. 121). 

3. Concerning the calcar pattern, about which so little is 
known, a pattern which has been observed here and there, but 


has as yet no morphological interpretation, I made recently more 
careful studies upon No. 87 of my collection, a subject who has a 
good calcar pattern upon each heel. The result of this, in the 
case of the right foot, where there is also a good thenar pattern, 
is given in Fig. 21 above. In the figure the whole record of 
the friction-skin of the foot is spread out as reduced to a plane, 
and the tread area is indicated by lines. Unfortunately there 


are no indications of the loops here considered hypothenar, so 
that a comparison of either thenar or calcar with these is not 
possible; on the other hand there is revealed a possible association of 
calcar with thenar, suggesting that the two form the two loops of an 
S-shaped pattern. This close association of thenar and calcar 
patterns is not new, being shown by Miss Whipple in two speci- 
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mens of Cebus' and in Jnuus,? but here the fields occupied by the 
two patterns seem more distinct. This author treats the calcar 
pattern as a secondary one, formed probably through the back- 
ward extension of the heel, to assist in covering the new area, and 
seesa proof of its recent nature from the fact that thereis no trace 
of such a pattern in the corresponding position in Lagothrix, 
where “the calcar region is still covered by epidermic elements 
not yet fused into ridges.”’ 

An element to be considered in this connection, but one which 
adds to the confusion rather than assists in the elucidation, is the 
‘‘Fersen-sinus’’ of Schlaginhaufen, which he figures on the heel 
of various Primates, the core of which usually forms a loop 
opening to the medial side, as in man. This he shows most 
typically in Macacus and Hylobates, but it appears also in Simia, 
Gorilla, and Anthropopithecus. As this author does not emphasize 
the homologies of the typical patterns as located upon the 
original pads, but compares rather the triradii and lines pro- 
ceeding from them, one can hardly follow the patterns through 
his numerous figures. 


IV. THE REDUCTION OF LINE C. 


In 1910 Edward Loth, assisted by Mme. Loth (Jadwiga Nie- 
mirycz-Lothowa), published the results of the examination of a 
large collection of the palm and sole prints of Russian Poles from 
the vicinity of Warsaw. In these they find a number of instances 
in which line C, with its triradius, is entirely wanting, and others 
in which the line in question is very short, and terminates, after 
a perfectly straight course, in a loop (cf. Figs. 33 and 34 below). 
These conditions, which are obviously closely related, both desig- 
nates in a main line formula by the letter x. 

With regard to previous recognition of either of these two con- 
ditions he cites Miss Whipple in her paper of 1904, and states 
very generously that he makes no claim to priority, yet thinks 
that he is the first to indicate it in formule. 


As this condition has been so long known to me, practically 
from the beginning of my investigations, I felt sure that I had 
described it in detail somewhere, but, to my own chagrin, I can 


1 Loc. cit., p. 334. 
2 P. 307. 





172 HARRIS HAWTHORNE WILDER. 


find no direct reference to it in any of my writings. I have 
indicated this condition in formule, however, by the digit 8, 
the designation for the radius of origin of the missing line, in- 
tending to signify by this that it goes nowhere, yet I am quite 
ready to acknowledge that the meaning of this is not clear, and 
that Loth’s use of the letter x is much clearer. 

Since the condition itself is an interesting one, I have recently 
taken some pains to estimate its frequency. In the hands of 145 
white persons (mostly Smith College students) a complete loss 
of line C, with its triradius, was found in both hands in four cases; 
in the right alone in five; and in the left alone in eight. That is, 
out of 145 individuals, no less than 17 of them showed a complete 
loss of the C line in one or both hands; or, put another way, out of 
290 separate hands 21 were thus marked. In addition to these, 
nine more individuals possessed in one hand a very short and 
straight C line, ending in a loop, and as these were none of them 
duplicate individuals with any of the above or with each other, 
this gives a total of 26 individuals out of the 145 in which the 
term x (= 8) occurs in one or both of the hand formule as a 
designation of the condition of line C; that is, nearly 18 per cent. 

Comparing the palms of races other than white I found eight 
cases in 42 palms of the Maya Indians of Yucatan, or 19 per cent. 
much as in the whites, while in 118 palms of Liberian soldiers 
this condition (including both forms of it) occured but 10 times, 
11.8 per cent. 

To summarize these results: the condition of line C, in which 
it is either wholly absent, together with its triradius, or very 
short and ends in a loop, is a fairly common one, apparently in all 
races. In the negro palm, however, the marked tendency of all 
the lines to run diagonally across the palm, from the bases of the 
fingers to a more proximal position on the ulnar margin, which 
results so commonly in the formula 7-5-5-5, considerably lessens 
the percentage of occurrence of this condition. 

In expressing this condition in a formula I would suggest the 
general adoption of Loth’s abbreviation, x, when the line and 
triradius are both wanting, and that of 8, my usage hitherto, to 


designate a very short C line, ending in a loop. 


(To be continued.) 





HEREDITY AND ORGANIC SYMMETRY IN 
ARMADILLO QUADRUPLETS. 


Il. Mopr or INHERITANCE OF DOUBLE SCUTES AND A DIs- 
CUSSION OF ORGANIC SYMMETRY. 


H. H. NEWMAN. 


A. GENERAL STATEMENT. 

This paper is in continuation of a study published under the 
same general title in July, 1915. In that paper the inheritance 
and distribution among quadruplets of more or less extensive 
band anomalies were dealt with. All anomalies involving the 
presence of two or more consecutive double scutes either in 
mother or in one or more offspring of a polyembryonic set were 
considered as band anomalies. There remained numerous cases 
of inherited anomalies so minute as to involve only isolated double 
scutes in parent and in offspring. A detailed study of the in- 
heritance and of the symmetrical or asymmetrical distribution 
of these double scutes among the fetuses of quadruplet sets forms 
the subject matter of the present contribution. 

In order to have a compact and truly homogeneous group to 
work with, I have decided to confine my study to collections C 
and K, omitting several small collections, the data of which are 
not so complete. In the C and K collection there are 140 sets of 
quadruplets which are sufficiently advanced to show every detail 
of the scute pattern. The shells of the mothers of all these sets 
are preserved and have been carefully scutinized for anomalies. 
Such shells as were badly worn or damaged had to be excluded 
from the present study together with the associated offspring. 
A study of 140 sets should reveal the conditions typical for the 
species, since we have a collection of 700 individuals. Of the 
140 sets of quadruplets 73 are female and 67 male. This dis- 
crepancy between the sexes is due to two circumstances, first 
that three sets of fetuses, in which the sex was obviously male, 
were too small to count, the mothers in all cases being normal, 
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and second that two sets of offspring, all normal and males, 
were discarded because the shell of the mother in each case was 
badly damaged. If these five sets of male quadruplets be added 
the count would be practically even so far as sex goes, 73 females 
and 72 males. Other collections, moreover, have shown equal 
numbers of male and female sets of quadruplets. 


1. Three Categories of Offspring. 

A survey of the 140 sets of quadruplets reveals that there are 
three well-defined classes: 

(a) Those in which both mother and offspring have anomalies. 
Of these there are 56 sets, 29 female and 27 male. 

(6) Those in which the mother is normal but the offspring 
have anomalies. Of these there are 41 sets, of which 22 are female 
and 19 male. 

(c) Those in which both mother and offspring are normal. Of 
these there are 43 sets, of which 22 are female and 21 male. 

Unless the character in question is strongly inherited as a 
dominant we would expect to find a fourth class composed of sets 
in which the mother has an anomaly but all offspring are normal. 
Only one such case occurs, and this is a doubtful one in which 
the anomaly of the mother is a double scute that may be due to 
the fusion of two scutes after a local injury. This doubtful 
case has been included in class (c). Another case that I at first 
thought was in this fourth class was found on examination to 
belong to class (a), for one of the fetuses had a double scute in 
the last scapular band which had been overlooked in the counts 
because we were dealing only with the regular bands. The 
facts of this case will be clear from an examination of Set C 65 
(bottom of p. 187). 

The mode of inheritance of these anomalies does not appear 
to be typically Mendelian, for, if the character is a dominant, 
with the normal condition the recessive, we would expect a 
considerable number of anomalous individuals to be heterozygous 
for the character and to produce equal numbers of germ cells with 
the anomaly factor and without it; so that on the basis of chance 


mating we should often get normal offspring from the mating of 
two heterozygous anomalous parents or from one heterozygous 
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anomalous parent pairing with a normal parent. That we do not 
find this condition means that we have evidently a non-Mendelian 
result due probably to factor segregation among the quadruplets, 
a process that must evidently take place in order to produce 
sets in which some individuals are anomalous and some are 
normal. This segregation must also affect the germ cells, so 
that an individual that has an anomaly has also germ cells of 
only one kind and these homozygous for the anomaly factor. 
The same kind of mechanism that quite evidently segregates the 
somatic anomaly factor must also be conceived of as responsible 
for a segregation of the germinal anomaly factor. The results 
do not appear to bear any other interpretation. Further dis- 
cussion of this point follows the presentation of data. 

Since these anomalies are invariably inherited when present 
in the mother we are driven to the conclusion that all these sets 
in class (6), which have anomalies, but whose mothers are normal, 
must have inherited their anomalies from the father. Further- 
more, it is equally obvious that a considerable proportion of 
those sets in class (a) must have anomalous fathers as well as 
anomalous mothers. Thus class (a) is heterogeneous in that 
it is composed of sets inheriting from both parents, on the one 
hand, and from the mother alone, on the other. 

A calculation may readily be made of the relative’ sizes of the 
various classes of offspring that should result if chance mating 
occurs between anomalous and normal individuals. It will be 
noted that 56 of the 140 mothers (or 4o per cent.) have anomalies. 
Again 115 individual female offspring, or 39+ per cent. and 
111 individual male offspring or 41+ per cent., have anomalies. 
So we may be safe then in assuming that 40 per cent. of the in- 
dividuals of the species have anomalies and 60 per cent. have 
none. If 140 chance matings on this basis occur we should expect 
the following classes: 

(a) 16 per cent. or 22.4 with both parents anomalous. 

(a’) 24 per cent. or 33.6 with mother only anomalous. 

(6) 24 per cent. or 33.6 with father only anomalous. 

(c) 36 per cent. or 50.4 with neither parent anomalous. 
The sum of classes (a) and (a’) is 56, which is exactly the number 
of sets in the observed class (a). 
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The observed class (b), 41 sets, is several sets in excess of ex- 
pectation, but not enough to seriously effect the theory of breed- 
ing proposed. The observed class (c), 43 sets, is several sets 
too low, but it is very probable that the five discarded male sets 
referred to above belong to this category. On the whole, then, 
the observed and theoretical proportions of the categories of 
offspring are as close as could be expected in 140 matings, and 
this fact supports the general statement as to the modes of 
inheritance of these anomalies stated above. 


2. The Genetic Relation Between Scute and Band Anomalies. 

There is a.very intimate genetic relationship between band 
and scute anomalies, as was brought out in the previous paper 
(Newman, ’15). Sometimes a band anomaly is inherited as such 
in some offspring of a set, and as a scute anomaly in others; and 
the localization in all cases is so exact that there can be no doubt 
about the genetic equivalence of the two anomaly phases. 

In Figs. I-8 is arranged a series of drawings of scute anomalies 
leading up to band anomalies. The transition is more readily 
made out from the conditions in the bony plates underlying 
the scutes. Fig. 1a represents the appearance from the exterior 
where only the scute is visible; Fig. 15 shows the underlying plate 
condition. Similarly with Figs. 2a and 20, etc. In Fig. 6, a 
and b, we see that the more fundamental anomaly is a transverse 
splitting of the bony plate involving only one unit. Fig. 7, 
a and b, constitutes an incipient or minimal double band, while 
Fig. 8, a and 0, represents a band doubling of moderate extent 
involving six scutes. Such banddoublings may involve more than 
half of a band or there may be extensive doubled regions separated 
by single or undoubled regions. 

Since the bony plates are fully laid down only during post- 
embryonic life, it is impossible to study these structures in the 
fetuses that are taken from the uteri of the mothers; but the scute 
condition, for one who has made a study of the subject, serves as a 
very definite index of the condition of the bony plate; and the 
scutes are well defined long before birth. For example, whenever 
a scute is found with a deep notch above dividing the scute into 
two nearly equal cusps (as in Fig. 3a), one can be sure that the 
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bony condition will be like that in 3b. Similarly when the notch 
is shallow as in 5a, we might expect the bony condition to be as 
in 50. 

It is an open question as to which doubling is more fundamen- 
tal, that of the dermal plate or that of the horny scute. Onto- 
getically the scute is the older structure, but I am inclined to 
look upon the two structures as phylogenetically coeval, for we 
apparently have in the armadillo a case of the persistence in a 
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mammal of the ancestral reptilian epidermal scale with its dermal 
bony core. The hair group that centers about the scute is 
presumably of more recent origin. 

I look upon scute and plate doubling as cases of local budding 
of normally single primordia, not unlike the division of scutes 
and plates in the carapace of modern tortoises, a phenomenon 
that has received considerable attention (Newman, ’05, and 
Coker, ’10). The physiological basis of this budding may be a 
localized lowering of the rate of growth during scute develop- 
ment. If we had a solution of the problem of budding or division 
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in this instance we would have a solution of the general problem 
of division that appears everywhere in the field of biology. 

Since the inheritance and distribution of double bands was 
dealt with in detail in the earlier paper of this series it will not 
be necessary to refer further to these results. It may be of inter- 
est, however, to compare the facts as to symmetry phenomena in 
the two classes of anomaly. Band anomalies are much less 
numerous than anomalies of single scutes, but they exhibit the 
same mirror-image phenomena and symmetry reversals that are 
so frequently seen for double scutes. For details of these phe- 
nomena the reader is referred to the published account (Newman, 
15). 

The present study deals solely with scute anomalies, double 
or split scutes of the various types shown in Figs. I to 6. 


3. Frequency and Distribution of Scute Anomalies. 
In the present collections (C and K) there are 700 individuals 
composed of 140 sets of quadruplets and their mothers. These 
should constitute for statistical purposes a reasonably adequate 


sample of the species. 

In the earlier paper of this series (Newman, '15) 23 sets that 
showed band anomalies in one or more members of a set were 
dealt with. Many of the individuals (40 in all) had scute 
anomalies, some with and some without accompanying band 
anomalies. The remaining 117 sets (585 individuals) treated in 
this paper contain 199 individuals with double scutes. Whether 
we figure on the basis of the entire collection or upon the 117 
sets dealt with in the present paper we find that 34+ per cent. 
of all individuals have scute anomalies. Add to this 32 (4+ 
per cent.) individuals that have only band anomalies and we find 
that about 39 per cent. of all individuals have either band or 
scute anomalies or both, which is very close to the 40 per cent. 
arrived at earlier in this paper. Scute anomalies are, however, 
about eight times as numerous as band anomalies and furnish 
better material for statistical study. 


4. Sex Distribution of Anomalies. 
Exclusive of the mothers, exactly 40 per cent. of which have 
anomalies, 22 females and 12 males have band anomalies, and 
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87 females and 100 males have scute anomalies. There appears 
therefore to be a somewhat pronounced tendency toward band 
anomalies as against scute anomalies in females and the reverse 
in males. In a collection of this size, however, these differences 
may not be significant. 


5. Distribution of Scute Anomalies as to Bands. 

In the earlier paper of this series it was shown that the band 
anomalies are largely confined to the first two bands: 86 per cent. 
in band 1, 8 per cent. in band 2, and the rest scattered; none oc- 
curring in bands 5 or 6, which are in the middle of the banded 
region, or in band 9. The reason given for this state of affairs 
is that band doubling is normal for the scapular and pelvic regions 
and that the bands nearest the scapular and pelvic shields are 
naturally more like these regions than are those farther removed 
from them. 

A somewhat similar condition, though less pronounced, 
brought out by a census of double scutes according to bands: 


Band 1 has double scutes 67 times. 
Band2 ‘ 7 a 
Band3 “ = . — > 
Band 4 “ ; — 
Band5 “ = ; 9 

Band 6 “ : = a 
Band7 “ ‘ 34 

Band 8 “ 7 29 


Band 9 9 


It is significant that double scutes, like double bands, occur 
most frequently in the first three bands and least frequently in 
bands 5 and 6 and 9, where band anomalies were entirely absent. 


Bands 5 and 6 are farthest from the scapular and pelvic regions 
where doubling is the normal condition. Band 9 is really not a 
free band at all, but only partially free at the margins; hence it 
may be left out of consideration. It is really out of the series of 
bands and should be included in the pelvic shield, but, out of 
deference to the time honored name “‘nine-banded armadillo,” 
I have treated it as the ninth band. 
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I interpret the figures for both double bands and double scutes 
as I formerly interpreted similar facts brought out by a study of 
supernumerary scutes in the carapace of tortoises. These super- 
numerary scutes were viewed as atavistic variations or vestiges 
of a condition largely outgrown by the species. These anomalies 
occur most frequently at the posterior end of the carapace and 
progressively less frequently as one goes toward the anterior end, 
except that there is a slight increase just at the anterior end. 
The hypothesis was ventured that the more frequent the regional 
occurrence of an archaic character the more recent has been the 
racial suppression of these characters in that region. There 
has evidently been an antero-posterior orthogenetic loss of scutes 
in the tortoise carapace beginning at or near the anterior end 
and ending with the posterior end. 

Now in the armadillo I believe that the more generalized and 
less regular parts of the carapace, the scapular and pelvic shield, 
represent phylogenetically an older condition than does the 
banded region. In support of this contention I cite the fact that 
the extinct giant armadillo, Glyptodon, had a solid non-banded 
carapace. The first banding began in one or two bands at about 
the middle of the carapace, where bands 5 and 6 are, and pro- 
ceeded posteriorly and anteriorly. Progress anteriorly in the 
direction of more bands is probably occurring now, as may be 
judged by two facts, first that it is not uncommon to find a part 
of the last scute row of the scapular shield separated as a band, 
and second that there are not infrequently local fusions between 
parts of the first band and the scapular shield. On this hypothesis 
band 1 is the newest band phylogenetically and shows more re- 
semblance to the scapular shield than do other bands, both in 
band doubling and in scute doubling. Band 2 is much less 
affected with these anomalies than is band 1, but more so than 
any other band. Moreover, bands 5 and 6, which are phylo- 
genetically the oldest bands, show the fewest recurrences of 
irregular conditions. Scute doublings are viewed as incipient 
or vestigial band doublings and we find many more of these 
vestigial anomalies in the banded region than fully developed 
ones. 


In the tortoises the orthogenetic progress in carapace simpli- 
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fication has proceeded antero-posteriorly and in this single di- 
rection. In the armadillo banding has proceeded both ways 
from the middle. Various armadillo species today exhibit all 
the way from one to twelve bands, a fact that supports the idea 
that in our species there has been a gradual increase in the 
number of bands. 


B. PRESENTATION OF DATA CONCERNING THE INHERITANCE 
AND DISTRIBUTION AMONG QUADRUPLETS OF DOUBLE 
SCUTEsS. 

The following tabulation gives all of the facts concerning double 
scutes, except those brought out in connection with the earlier 
paper on double bands (Newman, '15). I know of no method for 
presentation of data of this kind that is at once so intelligible 
and so compact as the pictorial diagram used in this and the 
former paper. When one has read the key to the table there 
should be no difficulty in understanding the data thus presented. 
The facts are first presented for those sets in which both mothers 
and offspring have double scutes, covering pages 182 to 188, and 
there follows as an appendix to this paper a table for those sets 
in which the mother was without double scutes, but in which one 
or more of the offspring have inherited the double scutes from 
the unknown father. See pp. 204 to 207. 


Key TO TABULATION OF DOUBLE SCUTEs. 

Each solid block of bands shows the anomalies in position as 
though the bands were straightened and placed with the right- 
hand end to the right and left-hand to the left. The number of 
the set with the sex of the quadruplets is indicated above and at 
the left of each block. Bands of the mother that show anomalies 
are marked M; those of the offspring that show anomalies are 
marked according to previous custom I., II., III.,1V. I. and II. 
are a natural pair, II. being a primary bud individual and I. its 
twin secondary bud derivative. Similarly III. and IV. are a 
natural pair, IV. primary and III. secondary. If the anomaly 
occurs in different bands of the same individual a bracket includes 
the Roman numerals indicating the individual fetus concerned. 


The various types of double scute are drawn in upon the band in as 
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nearly as possible the position in which they occupy, but they 
take up more space laterally than is actually the case. In addi- 
tion to positional location the number of each scute, counting 
from either of the margins or from the middle, is given by an 
arabic numeral upon the pictured scute, the direction from which 
the count has proceeded being indicated by an arrow unless this 
is too obvious to need indication. The arithmetical middle of a 
band is indicated by a dotted vertical line, except in a few cases 
where the right and left halves of two different bands of a single 
individual are placed in the same line, in which case a solid line 
is used to separate these heterogeneous half bands. This change 
of method may be a little confusing at first, but it was introduced 
to save space. The band in which the anomaly occurs is num- 
bered with an arabic numeral followed by a colon and a figure 
indicating the total number of scutes in that band. For instance 
6 :63 means band 6 which has a total of 63 scutes, counting 
the double scute as two scutes. L.S. refers to the last scapular 
row of scutes, next to the bands. This mode of tabulation admits 
of a very condensed record of a large amount of data. 
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1. The Difficulties in the Way of Accurately Analyzing the Data. 


It would be interesting to analyze the data given in the tabu- 
lation above, but before an intelligent analysis can be made some 
of the chief sources of error should be pointed out. 

1. Perhaps the most obvious liindrance to accurate analysis of 
the data appears in the fact that we cannot be certain, if more than 
one anomaly appears, that the inheritance is solely from the 
mother, for there must obviously be a fairly large number of sets 
of quadruplets in which both parents had anomalies. Some sets 
show clearly this biparental influence, but in many cases it is 
impossible to decide whether the condition is inherited from the 
mother alone or is of biparental origin. 

2. Another source of error in presenting a pictorial tabulation 
of the localization of these minute elements is the result of a 
somewhat arbitrary method of determining the middle of a band, 
for although I have chosen to locate the middle by dividing the 
scutes into equal numbers on right and left sides, I feel sure that 
the arithmetical middle does not always correspond to the mor- 
phological middle. There are definite indications in many cases 
that there are more scutes on one side of the median dorsal line 
than on the other, in which instances the arithmetical middle is 
obviously not median. This condition is probably due to the 
fact that when two parents with decidedly different scute 
counts mate we may get the maternal number in one half band 
and the paternal in the other. The middle point therefore is not 
a very favorable landmark for scute localization but it seems 
necessary to use it in order to indicate unilateral symmetry re- 
versals. Localization from the lateral margins of the bands is 
much safer than localization from the middleand it is quite obvious 
that laterally placed scutes show much closer correspondence in 
position than do those near the middle. 

3. Another factor that shows the inadequacy of the numerical 
localization method inheres in the fact that different bands vary 


greatly in number of scutes, ranging from 57 to 70 in the present 
collection. Now a scute that is pictured as being 5 scutes from 
the margin in a band of 57 scutes is morphologically farther from 
the margin than a scute located 5 places from the margin of a 
band of 70 scutes. So when we are comparing the locality of the 
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scutes of one individual with another we should bear in mind the 
numbers of scutes in the various bands dealt with. 


2. Classification of Types of Inheritance and Resemblance among 
Quadruplets. 


Analysis of the individual cases reveals several well-marked 

categories: 

(A) Strikingly close resemblances between mother and offspring, 
or among the different fetuses of a set. 

(B) Cases of symmetry reversal between parent and offspring. 

(C) Cases of mirror-imaging among the fetuses of a set. 

(D) Cases of half-band reversals of symmetry between mothers 
and offspring. 

(EZ) Cases of half-band reversals between different fetuses of a 
set. 

(F) Cases of half-band reversals in the same individual. 

(G) Longitudinal reduplications down the long axis. 

(H) Transverse reduplications in a single band. 

Each of the categories will herewith receive separate attention. 


A. Strikingly Close Resemblances between Mother and Offspring, 
or Between the Different Fetuses of a Set.—Cases are here dealt 
with in which the form of the anomaly, its localization and sym- 
metrical relations are the same, or very nearly so, in two or more 
members of a set, the mother included. The most striking cases 
are considered first. 

Set K 27 (p. 189) shows the most remarkable case of exact 
resemblance. The mother has two double scutes in two different 
bands, and one of the offspring (fetus 1) has the same double 
scutes in the same positions of the same two bands as in the 
mother. Here we have a little difficulty due to locating the 
morphological middle of the first band. If we take the arith- 
metical middle, as has been done, the double scute of band 1 of 
the mother is five scutes from the middle, but that of fetus I. is 
four scutes from the middle. If we count from the margin, 
however, the scute is number 28 from the left in both cases, for 


there are two more scutes to the band in the mother than in the 
offspring. 
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Set C 26 (p. 188). The mother has a small scute (like Fig. 2a) 
in band 2, two places from the left hand margin. Fetuses II. 
and IV. (one of each pair) have identical anomalies but shifted 
to band 1. 

Set K 57 (p. 188). The mother has scute 2 from the middle of 
band 2 double, and fetus III. has an identical anomaly in band 1. 

Set C 30 (p. 185). The mother has a double scute in band 1 
situated two places from the right-hand margin. Fetuses III. 
and IV. have in band 2 an anomalous scute (like Fig. 2a) two 
places from the right-hand margin. These two elements have 
bilaterally symmetrical equivalents on the left hand side of 
band I. 

Set K 70 (p. 185). The mother has in band 2 a double scute 
6 places to the right of the middle. Fetus IV. has an exactly 
equivalent anomaly. 

Set C 76 (p. 184). Fetus II. has in band 4 a double scute 12 
places to the left of the middle. Fetus IV. has an exactly equiva- 
lent element. 

B. Cases of Symmetry Reversal between Mother and Offspring.— 
All cases are to be included here in which an anomaly of the 
mother is repeated in the offspring but on the opposite half of the 
carapace. 

Set C 76 (p. 184). Mother has in band 8 a double scute three 
places from the /Jeft margin. Fetus III. has in band 8 a double 
scute 3 places from the right margin. 

Set C 30 (p. 185). Mother has a double scute 2 places from 
the right margin of band 1. Fetuses II., III. and IV. each have 
an anomalous element (like Fig. 2a) two places from the left 
margin of band 1. 

Set C 24 (p. 187). Mother has in band 1 a double scute 4 
places from the right margin. Fetus IV. has in band 1 a similar 
element 4 places from the Jeff margin. Fetus II. has in band 1 
a similar element 3 places from the Jeft, and fetus III. has in 
band 3 a similar element 5 places from the Jeft. We have here 
several degrees of exactness in the mirror-imaging of the in- 
herited anomaly. 

C. Cases of Mirror-Imaging among the Fetuses of a Set.—Set 
K 70 (p. 185). Fetus I. has a double scute 3 places from the 
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left margin of band 6, and fetus III. has a similar element 3 places 
from the right of band 7. Note that these fetuses are not pairs 
but face each other from opposite sides of the vesicle. Both are 
secondary bud individuals. 

Set C 30 (p. 185). Fetuses I. and II., a pair, have striking 
mirror-image resemblance. Fetuses III. and IV., the other pair, 
have the same anomalous element bilaterally. 

Set C 76 (p. 184). Fetus III. has a double scute 12 places to 
the right of the middle of band 2. Fetuses II. and IV. each have 
identical elements on the left side. 

Set K 18 (p. 186). Fetus I. has a double scute 10 places to the 
left of the middle of band 6. Fetus III., which faces I. across 
the vesicle, has a similar element 10 places to the right of the 
middle of band 6. 

D. Cases of Half-Band Reversals of Symmetry between Mother 
and Offspring.—In this group are included cases in which the 
parent and offspring have the anomaly confined to the same, 
right or left, half of the carapace, but the symmetry of that half 
of one is the mirror-image of the same half of the other. 

Set K 70 (p. 185). Mother has a double scute 6 places to the 
right of the middle of band 2. Fetus I. has a double scute 6 
places from the right hand margin of band 1. If this band had 
been arranged so that the right hand half were simply shifted 
over to the left side it would have been an ordinary case of 
mirror-imaging. 

Set K 25 (p. 185). Mother has a double scute 6 places to the 
right of the middle of band 2. Fetus I. has a similar element 7 
places from the left hand margin of band 1. This is a case of a 
double reversal. Turn either of these half bands end for end and 
an ordinary mirror-image case would result. 

Set C 4 (p. 186). Mother has a double scute 5 places from the 
right margin of band 7. Fetus II. has a similar element 5 places 
to the left of the middle of band 3, which is evidently the reversed 
mirror-image of a similar element in band 7 of the same fetus 
situated 8 places from the right-hand margin. 

E. Cases of Half-Band Reversals between Different Fetuses of a 
Set.—These are cases strikingly like the unilateral reversals of 


finger-print patterns described by Wilder for duplicate human 
twins. 
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Set K 76 (p. 185). Fetus II. has a double scute 12 places from 
the right margin of band 1. Fetus II. has a similar element 12 
places to the right of the middle of band 1. Again fetus III. has 
a double scute 8 places to the right of middle of band 2, and fetus 
IV. has a similar element 9 places from the right margin of band 4. 
Here each pair of fetuses mirrors the other as to the right half of 
the carapace. 

Set K 56 (p. 184). Fetus I. has a double scute 7 places from 
the right margin of band 6. Fetus II. has a similar anomaly 6 
places to the right of the middle of band 1 and a second anomaly 
9 places from the left margin of band 2, and a third anomaly 9 
places to the Jeft of the middle of band 4. Fetus III. has a double 
element 8 places from the right margin of band 7. Fetus IV. 
has a similar element 4 places from the left margin of band 2 and 
another element 9 places from the right margin of band 8. All 
of these anomalies are, I believe, directly inherited from the 
mother, who has a double scute 11 places to the left of the middle 
of band 4, but there are numerous reversals within the set in- 
volving a shifting up and down the long axis. This is one of the 
most complex cases in the collection and would bear careful study 
as it illustrates most of the symmetry phases seen in armadillo 
quadruplets. 

F. Cases of Half-Band Reversals in the Same Individual.— 
Set K 56 (p. 184). Bands 2 and 4 of fetus II. have a reversed 
symmetry of the left half. 

Set K 76 (p. 185). Fetus II. has a reversed symmetry in 
bands I and 4; Fetus IV. has a reversed symmetry in the two 
halves of band 4. 

G. Longitudinal Reduplication Down the Long Axis.—It is 
fairly common to find an inherited anomaly appearing not 
merely once but repeated in two or more bands. Sometimes an 
anomaly of an anterior band is balanced by a similarly located 
anomaly in a posterior band. The condition is somewhat like 
that which appears in transverse rows of double scutes that are 
called double bands, but the tendency for an extended condition 
of the anomaly is vertical instead of horizontal and is seldom con- 
tinuous. 

Set K 32 (p. 184). Fetus II. has a double scute in band 2 and 
another exactly in a vertical line with it in band 7. 
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Set K 70(p.185). Mother has scute 6 to right of middle double 
in bands2and 3. Fetus I. has scute 3 from the left margin double 
in both bands 4 and 6, also in bands 1 and 7. Fetus IV. has in 
bands 2 and 6 the same double scutes as fetus I. has in bands 1 
and 7, but there is a symmetry reversal in the half bands. There 
seems to be a strong tendency for the offspring in this set to 
inherit the vertical reduplication of the mother. 

H. Transverse Reduplication in a Single Band.—Here are 
included cases in which two or more double scutes occur close 
together but not contiguous in the same band. Such cases are 
probably in the nature of interrupted band anomalies. Examples 
may be seen in sets K 18, K 10, K 43, K 56. There are as many 
more cases in sets with normal mothers that are shown in the 
appendix. 

The interpretations offered in the above analysis may be open 
to objection in certain cases but there can be no controversy as 
to the nature of the great majority of cases. There is strong 
evidence of much mirror-imaging between pairs and between 
individuals of a pair and there are numerous cases of half-band 
reversals quite like those occasional reversals of finger-print 
patterns described for duplicate human twins by Wilder, and 
which Bateson believes to be evidences of a former system of 
symmetry common to the two individuals before the separation 
of their primordia. If these rare and vestigial reversals in du- 
plicate human twins are to receive the above interpretation, we 
should feel no hesitancy about a similar interpretation of the 
quite frequent occurrence of symmetry reversals in armadillo 
quadruplets. 


C. Discussion AND CONCLUSIONS. 
1. The Problems of Inheritance and Segregation. 

(a) The Exceptional and Unique Character of the Material.— 
No other animal that I know of is so beautifully adapted for 
the study of specific and individual variability as is the armadillo. 
The strikingly diagrammatic arrangement of the integument into 
the five armor shields furnishes an unusual opportunity for 
accurate enumeration of units and for a study of inter- and 
intra-individual correlation. These characters, moreover, are 
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definite in numbers and arrangement long before birth. How 
fortunate a circumstance it is that this species, which is unique 
in its polyembryonic method of reproduction, should at the same 
time be unique in its possibilities for biometric treatment! I 
was especially impressed with this fact lately when I tried to get 
some basis for a comparison between cattle twins and could 
find nothing satisfactory for the purpose. The same would be 
true for sheep, cats or any other mammal. Differences in size, 


the only measurable differences in these species, are quite unsafe 


criteria for the determination of coefficients of correlation, since 
they are notoriously affected by differences in nutrition. Al- 
though any part of the integument of the armadillo is superior 
for the establishment of correlation constants to anything found 
in any other mammal, the banded region, on account of its 
regularity, definiteness and specific fixity, is preeminently adapted 
for the study of inheritance and of the degrees of resemblance and 
difference among individuals of a polyembryonic set. 

So regular is the banding that it would be impossible to dis- 
cover any symmetry in the bilateral arrangement of integumen- 
tary structures were it not for the occurrence of occasional band 
irregularities (double bands) and of fairly frequent double scutes. 
These peculiarities of the integument furnish landmarks for the 
study of symmetry relations that are quite uniquely suitable for 
such studies and are more readily comparable than are the finger- 
print patterns of human duplicate twins that have been used 
for a similar type of study. 

(b) Irregularities in the Inheritance of Band and Scute Anom- 
alies—That band and scute anomalies are definitely inherited is 
proven by the fact that anomalies are always present in offspring 
of mothers that show the anomaly. The real problem is to 
explain why all four features of a set of quadruplets do not inherit 
these anomalies equally and in the same form. Since they come 
from a single fertilized egg they have the same genetic consti- 
tution and should be identical unless there exist certain agencies 
that result in an irregular distribution of the differentiating factor 
responsible for anomalies. That these agencies which produce 
irregular distribution of anomalies among the individuals of a 
set are not environmental is certain, for there appears to be no 





ORGANIC SYMMETRY IN ARMADILLO QUADRUPLETS. 197 


environmental inequality except that of nourishment, and differ- 


ences in nourishment so great as to strikingly affect the size of 
the individuals do not at all affect the inheritance of anomalies. 
This could be readily shown by a comparison of sets that show 
marked size inequality with sets that show size identity. 

If then the agency at the basis of irregular distribution of 
anomaly factors is not environmental, it must be some sort of 
internal agency. I have been unable to think of any mechanism 
engaged in either regular or irregular distribution of inheritance 
factors except the obvious mechanism of mitotic cell division. If 
this mechanism worked in a perfectly accurate and equitable 
fashion there would be no opportunity for any irregularities in 
the distribution of differentiating factors; but there are irregul- 
arities and hence the mechanism must lack accuracy. 

If the factor or factors for anomalies are present in the 
odésperm, as we are forced to believe, they must have their seat 
either in the nucleus or in the cytoplasm. Since the anomalies are 
evidently as strongly inherited from the father as from the 
mother, it is hardly likely that the locus of the factors is cyto- 
plasmic, for the male cell has an insignificant cytoplasmic organ- 
ization. In view of these facts we may safely assume that the 
locus of the factor is in one or more chromosomes. When all 
four fetuses inherit an anomaly, we must assume that the factor 
has been equally distributed to the daughter cells of the first 
cleavage and probably for several successive cleavages. If, 
however, the anomaly is confined to a pair of embryos derived 
from one half of the vesicle, it seems likely that the factor was 
so distributed as to be totally absent from one of the first two 
blastomeres. When only one embryo inherits the anomaly the 
unequal distribution may have occurred during the second or 
later cleavages. 

After a long search for some more satisfactory explanation of 
the facts than that afforded by a resort to the mechanism involved 
in cleavage, I have been finally driven back upon this explanation 
by the facts immediately to be brought out in connection with 
the phenomenon of somatic and germinal segregation. 

(c) Somatic and Germinal Segregation.—The particular method 
of polyembryonic reproduction in the armadillo is definitely 
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known to be a process involving a precocious dichotomous bud- 
ding initiated by the primitive ectoderm. The individual fetuses 
are produced agamically as bud products and therefore constitute 
a clone; so whatever somatic variations occur among the four 
fetuses of a set are obviously types of clonal variation. 

Bud or clonal variations have for a long time been propagated 
vegetatively by cutting, grafts, etc., and are known to hold true 
to their somatic characters. The explanation of bud or clonal 
variations that has usually been offered involves the introduction 
of two causal factors, one internal and the other external. It is 
said that a local peculiarity may be induced by local conditions 
outside of the bud tissue itself, such as unfavorable or extra 
favorable position on the plant; but such an explanation involves 
many theoretical difficulties. A more acceptable explanation 
involves the assumption that there is some segregative mechanism 
that brings about an uneven distribution of inherited factors, so 
that one type of factor may be present in one part of the growing 
plant and absent in another. Special cases of somatic segregation 
are those cases that we have been accustomed to consider under 
the term particulate or mosaic inheritance. Such inheritance 
conditions are supposed to be due to a segregation in a single 
hybrid offspring of the opposed characters of the two parents. 
When, for example, a cross is made between a plant with white 
and one with red petals, we may get a hybrid possessing flowers 
with some white and some red petals. This is said to be a result 
of the segregation of parental color factors so that some cells 
get certain factors and others do not. 

So far as I am aware it has not been shown whether in bud or 
clonal variations, germinal segregation goes hand in hand with 
somatic segregation. Ifa green plant that produces a white bud 
variation should be found to produce flowers on this bud that 
bred true to the white character, we would have a very clear 
case of parallel somatic and germinal variation. 

Now in the armadillo we have precisely this state of affairs, 
as can be brought out by a study of the inheritance of double 
bands and double scutes. For, when some of the fetuses of a 
set exhibit the anomaly as shown in the mother and others do 
not, we have unequivocal somatic segregation; but we have 
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something more than this, since those individuals that have the 
inherited anomaly in the soma also must have the factor for the 
anomaly in the germ plasm, else how can we account for the fact 
that whenever a mother has an anomaly it appears in one or 
more of her offspring? 

This segregation must have occurred at a period prior to the 
separation of primary germ layers, in order to account for the 
strict parallelism between the germinal and somatic cells, and I 
have reason to look back to the earliest cleavage divisions as the 
probable time and occasion of the segregation of determinative 
factors. This view is arrived at after considering all of the 
available facts and I believe is justified. Strangely enough we 
seem once more to be driven back to the cleavage stages for an 
explanation of the phenomena of twinning, but there is a vast 
difference between merely assuming the blastotomy origin of 
twins and accepting the cleavage mechanism as the most prob- 
able apparatus responsible for parallel germinal and somatic 
segregation of inherited factors. 


Moreover segregation of inherited anomalies among individuals 


of polyembryonic sets is one problem, while the symmetric or 
asymmetric localization of these factors in the soma of the in- 
dividual is another—the problem of organic symmetry. 


2. The Peculiar Symmetry Relations Among Quadruplets. 


(a) Normal and Reversed Symmetry in the Occurrence of An- 
omalies and their Significance.—If no complicating factors entered 
into the matter of the inheritance of double bands or double 
scutes, we would expect to find a double scute of the left margin 
of a given band in the mother inherited as a similarly located 
double scute by all four offspring. We have attempted to explain 
the failure of the anomaly to appear in all of the offspring of a 
litter by positing a segregative mechanism operating during cleav- 
age. Such a mechanism, however, appears inadequate to explain 
the symmetry relations so peculiar to polyembryonic repro- 
duction. 

The mirror-image type of symmetry is normal for the antimeric 
halves of a single individual and exceptions to or breaches of the 
mirror-image type of symmetry affords a new problem. Double 
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monsters are also frequently characterized by mirror-image sym- 
metry, due to the fact that the two halves are not physio- 
logically isolated and are therefore parts of a single system of 
symmetry. 

Occasional vestiges of mirror-imaging have been described by 
Wilder for the finger-print patterns of duplicate human twins, as 
when the pattern of the right index finger of twin A is the mirror- 
image of the left index finger of twin B. These symmetry re- 
versals in duplicate twins have been emphasized as evidences of 
the monovic origin of such individuals and the reversals them- 
selves have been interpreted as the last trace of an early sym- 
metry formerly common to the two individuals but subsequently 
largely outgrown. 

Now in the armadillo there are many definite evidences of a 
system of symmetry common to all of the quadruplets, upon 
which has been superimposed a secondary symmetry system be- 
tween twins. This in turn is more or less completely obliterated 
later by a tertiary symmetry between the antimeric halves of the 
single individuals. In some sets evident traces of the primary 
system of symmetry persist as mirror-image relations between 
individuals of opposite pairs, but it is more usual to find no trace 
of the primary system. The secondary mirror-imaging between 
pairs is far more commonly in evidence, but is frequently ob- 
literated by the tertiary mirror-imaging between antimeric 
halves of the same individual, which latter is the prevailing sym- 
metry system. An analysis of this intricate interplay of three 
grades of symmetry systems is by no means a simple task, but 
in the foregoing descriptions of individual sets we have indicated 
our interpretation of the various mirror-image and symmetry 
reversal phenomena that form the basis of such an analysis. In 
general, mirror-imaging between individuals of opposite pairs is 


interpreted as an evidence of the early system of symmetry 
present in the embryonic vesicle before polyembryonic budding 
began. When the primary buds are formed they are the product 
of the antimeric halves of the undivided embryo and therefore 
should have mirror-image relations, but a partial physiological 
isolation of the two buds permits a certain degree of reorganiza- 
tion or regulation in the symmetry relations, that tends partially 
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to obliterate the original symmetry relations of the undivided 
embryo. Similarly, when each primary bud subdivides to form 
the secondary buds that are the primordia of the definitive in- 
dividuals, a certain residuum of the primary bud symmetry 
system is carried over, manifesting itself in mirror-imaging be- 
tween the twins derived from the same primary bud. But here 
again a certain amount of regulation occurs so that a third system 
of symmetry, the bilateral symmetry of each individual, tends to 
obliterate former systems of symmetry. 

A further evidence of the existence of a primary system of 
symmetry relations is seen in the mode of formation of the 
secondary buds. Each primary bud gives off to its left a secon- 
dary bud as though the whole vesicle had a growth whirl to the 
left. It appears to be acting as a single system at the very time 
when polyembryonic processes are most active. 

(b) The Closer Symmetry of Pairs and its Significance.—One of 
the most striking early discoveries resulting from a study of 
armadillo quadruplets was that the four fetuses of a set are 
paired so that one pair is fixed to the right-hand placental disc and 
the other pair to the left-hand placental disc. These discs lie re- 
spectively on the right- and left-hand sides of the uterus. The 
pairs are more strikingly identical than are the quadruplets as a 
whole and they more often exhibit interindividual mirror-imaging 
than do the individuals of opposite sides of the vesicle. It at first 
seemed probable that this condition was due to the “‘fact,’’ carried 
over from the literature on the origin of human duplicate twins, 
that one pair was derived from one and the other from the second 
blastomere of the two-cell stage. Now that we know more 
about the embryonic history of the armadillo we are less inclined 
to relate the symmetry of the vesicle to the symmetry of the 
oésperm. 

It will be recalled that the early blastodermic vesicle, when it 
becomes fixed to the mucosa of the fundus uteri, adheres by means 
of a predetermined disc of cells called the ‘‘Trager.”” This disc 
is evidently derived from the animal pole of the egg and hence 
we have a mechanism for fixing the principal axis of the embryo 
and causing it to coincide with that of the mother. The blasto- 
dermic vesicle, even if it had a predetermined bilaterality, could 
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hardly fix itself so that its dorso-ventral axis would correspond 
with that of the uterus, so we are driven to the conclusion that 
the embryo at the time of fixation has no bilaterality, but acquires 
its bilaterality from that of the mother. The first indication of 
bilaterality is seen when the vesicle elongates toward the right 
and left oviducal openings of the uterus and when bilateral buds 
of ectoderm grow out to the right and left sides. In other words 
the bilaterally symmetrical arrangement of the embryonic pri- 
mordia is imposed upon the vesicle by the form of the uterus. 
These first embryonic buds, the primary buds, stand for two 
pairs of twins, each bud redividing to form two secondary buds, 
each of the latter going to form a separate embryo. The closer 
resemblance between the twins of one side is simply the expected 
result of their community of origin, for they are the product of 
the longitudinal splitting of a single primary bud of ectoderm. 
In other words both have been derived from a rather limited 
area of cells which is separated from the primordia of the opposite 
pair by a considerable zone of extra-embryonic tissue. On any 
theory of unequal distribution during cleavage of differentiating 
factors we would expect these twin products of the horizontal 
splitting of a common primordium to be closely similar to each 
other and to show a relatively large amount of mirror-imaging. 
(c) Bateson’s Views Concerning Twinning.—In his book 
‘‘Problems of Genetics”’ Bateson has an interesting and suggestive 
chapter on “meristic phenomena” in which he lays great stress 
upon the fundamental importance of the problem of cell division 
and other division phenomena. He conceives of the phenomena 
of bodily symmetry as a direct result of the symmetrical features 
of cell division. Twinning in mammals is for him a special case 
of the effects of cell division for he adopts the traditional view that 
the twins result from a physiological isolation of the blastomeres 
of the two-cell stage of cleavage. Bateson accepts Wilder’s 
position that duplicate twins are in a series with double monsters 
of various grades. Double monsters show all degrees of mirror- 
imaging, while duplicate twins show only vestiges of this phe- 
nomenon. Much emphasis is laid upon the few cases of reversed 
finger-print patterns in the duplicate twins described by Wilder. 
Any sort of mirror-imaging (symmetry reversal) is an indication 


, 
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of a system of symmetry common to both individuals, whether 
they are joined or separate. 

In closing it may be of interest to state that an examination of a 
considerable number of sets of quadruplets reveals no indication 
of a reversal of symmetry in the viscera. As in human duplicate 
twins symmetry reversals are confined to the integumentary 
structures. Why should this be so? Bateson propounds this 
inquiry for duplicate twins as follows: “If anyone could show 
how it is that neither of a pair has transposition of the viscera 
the whole mystery of division would, I expect, be greatly illu- 
minated.’’ Now in the armadillo the process of polyembryonic 
budding that results in twinning is initiated and carried out in 
the ectoderm, while the endoderm becomes involved only passively 
and considerably later. Here we probably have the answer to 
Bateson’s inquiry, for symmetry reversals involve only the tissues 
that are primarily concerned in twinning. How much this state- 
ment serves to illuminate the mystery of division I am not pre- 
pared to say. 

I am inclined to believe that duplicate human twins become 
physiologically isolated at a considerably earlier period than do 
armadillo quadruplets, and my reason for this belief is founded 
on the fact that there is so very little mirror-imaging in the former 
and so much in the latter. It appears to be a good general rule 
that the earlier the separation the more complete is the reorgan- 
ization of symmetry relations in the separated individuals and 
the less residuum of the original common symmetry. Double 
monsters doubtless begin to separate comparatively late in on- 
togeny and hence show very pronounced mirror-imaging. Arm- 
adillo quadruplets appear to exhibit a condition intermediate 
between duplicate twins and double monsters for they have an 
interesting combination of the effects of an original common 
system of symmetry and of secondary and tertiary systems of 
symmetry. Since it seems entirely probable that human dupli- 
cate twins are separated at a much earlier period than are arma- 
dillo quadruplets, it may not be unreasonable to look for this 
separation at some period of cleavage. Or there may be a 
division of the inner cell mass into the primordia of two embryos. 
The problem of the exact mode of origin of duplicate human twins 
is however likely to remain unsolved for a long time to come. 
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APPENDIX. 
Sets of Quadruplets Inheriting Double Scutes from Unknown Fathers. 


Purely as a matter of record there is included herewith as an 
appendix a pictorial tabulation of 31 sets of fetuses from normal 
mothers but themselves with anomalies. There is every reason 
to believe that these characters have been inherited from the 
unknown fathers. There are 15 female sets and 16 male sets. 
The same plan of representing the occurrence and location of 
these double elements is followed as was used in the earlier tabu- 
lation, the key to which is given on page 181. 

Since all of these cases are uniparental while many of the cases 
discussed earlier are biparental, one would expect a simpler state 
of affairs and fewer double scutes per set. This is actually the 
case. The interrelations between the different fetuses of a set 
are on the average much more clearly defined since there is no 
confusing admixture of elements from both parents. These 
facts go far to prove that the conclusions reached in the earlier 
part of the paper regarding modes of inheritance are well 
founded. 

Many striking cases are seen of close resemblance between 
twins, of mirror-imaging and half-band reversals between twins, 
all of which reinforce the conclusions reached on the basis of the 
data heretofore discussed. Nothing, however, would be gained 
by calling further attention to individual cases. The interested 
reader will be able to pick out and classify for himself the various 
types of anomaly. The pictorial method of recording these 
elements may need a little study on the part of the reader but is 
fully justified by the fact that a large amount of valuable data, 
the like of which may never again be available, is given in very 
compact form. 

Correction.—On page 27 of the first installment of this study 
(Newman 'I5) is figured the double band arrangement in set K 2. 
This set was classed erroneously among sets the mother of which 
had no anomalies. The notebook in which the data was taken 
shows the mother of K 2 was misplaced and later found and has 
two anomalies. Band 3, which has 64 scutes, has a double scute, 
like Fig. 2a, 16 places to the right of the middle. Band 5 (63 
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scutes) has a double scute 5 places from the right-hand margin. 
These two anomalies mark about the inner and outer limits of 
the band doublings seen in the offspring. This set shows almost 
perfect mirror-imaging of the whole set of quadruplets. The 
two primary bud fetuses II. and IV. mirror each other since both 
have the anomaly bilaterally; the two secondary fetuses I. and 
III. are also mirror-images, III. having the anomaly on the right 
and I. on the left. All of these anomalies occur in band 1. 
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